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PURPOSE OF THIS STUDY AND SUMMARY 
 Spectral analyses to obtain spectroscopic as well as coupling constants have been 
made in order to fit the vibrational-rotational energy levels and study the vibrational-
rotational structure of some gaseous asymmetric top molecules. The present study 
focuses on isotopic variants of formic acid, i.e, DCOOH, DCOOD, HCOOD, and H-
13COOH, the extensively studied variants of ethylene, i.e, C2D4, cis-ethylene-d2, as well 
as that of methylene fluoride-d2, i.e., CD2F2, all of which fall into the major category of 
asymmetric top molecules. Rotationally resolved spectra with a spectral resolution of 
0.004 cm-1 collected using the Bomem DA3.002 High-resolution Fourier transform 
spectrometer have been fitted to the well established Watson’s Hamiltonian including 
rovibrational coupling terms in order to derive precise upper state spectroscopic 
constants. 
 This thesis consists of 13 chapters. Chapters 1 to 4 are dedicated to the working 
principles of fourier transform spectroscopy, a brief description of the experiment setup 
and the spectrometer, the theory based on Watson’s Hamiltonian, including vibrational 
coupling terms, as well as the nonlinear least-squares fit algorithm. 
Chapters 5 to 8 reports the detailed measurements and analyses of the high-resolution 
infrared spectra of formic acid, i.e. the ν5, ν3, ν6, and 2ν9 bands of HCOOD, ν2, and ν3 





 Chapters 9 and 10 describes the works on ethylene, i.e. the ν12, ν11, and ν9 bands 
of C2D4, the ν12 bands of cis-ethylene-d2 and ethylene-13C2. Chapters 11 and 12 focuses 
on the analyses of Methylene fluoride-d2 (CD2F2), i.e. on the ν6, ν9, ν3, and ν7 
fundamental bands of this molecule. 
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 CHAPTER 1 - FOURIER TRANSFORM SPECTROSCOPY 
 
1.1 Michelson Interferometer                                                                                                                               
 The underlying principle of Fourier transform spectroscopy is the Michelson 
interferometer. In Fig. 1.1, a schematic diagram of the Michelson interferometer is 
shown.     
 
                                           Moving mirror            
                                    
 
     Source                                                                                                   Fixed mirror 
                                             Beamsplitter   
                                        
                                                    
                                                                   To detector 
                 Fig. 1.1 A schematic diagram of the Michelson interferometer.  
 The source beam is divided into two by the beamsplitter positioned at an angle of 
45o from the incidence. One ray goes to the fixed mirror and the other goes to the moving 
mirror. After reflection by the mirrors they are recombined and enter the detector. 
Patterns of interference are produced by the optical path difference in the two beams. 
Zero path difference is obtained when the two mirrors are at equidistance from the 




1.2 Fourier Transform Spectroscopy 
 Each wavelength in the Michelson interferometer produces its own interference 
pattern as the movable mirror is displaced. For a source composed of many frequencies, 
the interferogram is the sum of the flux patterns of each wavelength. 
The method of Fourier transformation allows the conversion of the interferogram 
obtained into a spectrum (signal vs frequency). The spectrum is much more informative 
than the interferogram, although it is just the Fourier coefficients of the interferogram. It 
allows the simultaneous observation of the intensities of all spectral elements. In the 
Michelson interferometer, the recombined beam can be expressed as a function of the 
optical path difference x, 
              ∞  
I(x) = 2∫  S(ν)(1 + cos2πνx)dν          [1-1] 
              0 
 
where √S(ν) is the electric field amplitude of wavenumber ν. The interferogram function, 
or the intensity as a function of distance is  
                                       ∞ 
S(x) = I(x) −  I(0)/2 = 2∫  S(ν) cos2πνx dν         [1-2] 
                                       0    
By considering S(ν) to be an even function in the entire frequency range, the following 
pair of Fourier transforms can be written as 
             ∞ 
S(x) = ∫  S(ν) cos2πνx dν           [1-3] 
           −∞ 
             ∞ 
S(ν) = ∫  S(x) cos2πνx dx           [1-4]  
           −∞ 
2  
  
1.3 Apodization and Resolution 
 In reality the spectrometer can only scan over a finite distance and so S(x) is 
multiplied with a window function  
                 1  for  −L ≤ x ≤ L                [1-5]           P(x) =              0  otherwise 
                  
S(ν) can then be approximated by 
              ∞ 
S1(ν) = ∫  S(x)P(x) cos2πνx dx          [1-6] 
            −∞ 
                       ∞  
         = ∫  S(τ) 2L [sin[2π(ν − τ)L]] / [2π(ν − τ)L] dτ 
            −∞ 
where 
            ∞ 
S(τ) = ∫  S(x) cos2πτx dx           [1-7] 
          −∞ 
and S1(ν) is the convolution of S(ν) with the theoretical apparatus function 
Ap(ν,τ) = 2L{sinc[2π(ν − τ)L] + sinc[2π(ν + τ)L]}        [1-8] 
S(τ) is a δ-function and after substituting it into S1(ν), the output of a monochromatic 
input for finite path differences is  
Ap1(ν,νo) = 2L{sinc[2π(ν − νo)L + sinc[2π(ν + νo)L]}       [1-9] 
which is a sinc function with two peaks centred at ν = νo and ν = −νo. However, if νo >> 
1/L, the second term of Ap1 can be neglected and it is the first term that is written as  
3  
 Ap1 = 2Lsinc[2π(ν − νo)L]                    [1-10] 
The line width ∆ν is 1/(2L) and so by increasing L, the resolution will be improved.  
 The sidelobes of the function Ap1,  is the result of the hat function P(x). These 
sidelobes are some of them negative and contribute to distorting the spectrum. 
Apodization reduces the sidelobes by replacing P(x) with other functions such as  
 
                 1 − |x/L|  for  −L ≤ x ≤ L        [1-11] 
H(x) =  
                 0  otherwise 
which gives the output function as  
Ap2 = Lsinc2[π(ν − νo)L]         [1-12] 
Fig. 1.2 shows the plots of Ap1 and Ap2. Although the line width ∆ν is wider, the sidelobes 
are very much reduced especially the negative ones when the triangular window function 
is used. 
1.4 Sampling  
 In real measurements, the interferogram S(x) has to be digitised in order to input 
into the computer. Hence the interferogram is sampled automatically at equal intervals of 
optical path difference ∆x. 
Using the Dirac delta comb function  
                         ∞  
⊥⊥⊥∆x(x) = ∆x ∑ δ(x − n∆x)                    [1-13] 
                        n = −∞ 
 
the sampled interferogram S∆x(x) can be written as  
 
S∆x(x) = ⊥⊥⊥∆x(x) S(x)             [1-14] 
 
4  
 By performing a fourier transform, the sampled spectrum is given by  
 
S1/∆x(ν) = ⊥⊥⊥1/∆x(ν) S(ν)         [1-15] 
 
Hence the recovered complete spectrum repeats its pattern at an interval of 1/∆x. If the 
original spectrum has a band range from zero to νmax, and requiring that the repeated 
spectra do not overlap, we have to impose the condition that 
1/∆x  ≥  2νmax 
or ∆x  ≤  1/2νmax 
For the source radiation which has a low limit νmin, we have  
∆x  ≤  1/[2(νmax − νmin)] 
The minimum number of sampling points of the recovered spectrum is then given by  
N = 2L(νmax − νmin)          [1-16] 
1.5 Advantages of Fourier Transform Spectroscopy 
 Multiplex and throughput advantages are the two main credits of FT 
spectroscopy. Multiplex advantage implies that the FT spectrometer simultaneously 
collects information of the whole spectral range during a scan as compared to 
conventional grating spectrometers that receive information on a particular frequency at a 
time. Throughput advantage is the ability to collect high signal strengths at high 
resolution whereas grating spectrometers have to sacrifice high outputs for high 
resolution because of the use of narrower slits.  
 Some other advantages are:  
. fast scanning speeds 
. ability of making weak-signal measurements at millimeter wavelengths 
5  
 . requires minimal optical instruments  

























Plots of (1) sinc z and (2) sinc2(z/2) versus z  












 CHAPTER 2 - THE BOMEM DA3.002 FT SPECTROMETER 
2.1 Introduction 
 The Bomem DA3.002 FT spectrometer is designed to study molecular spectra at 
high resolution. An unapodized resolution of 0.0024 cm−1 and an optical path difference 
of 2.5 m can be achieved.  
 For data acquisition, the DA3.002 FT spectrometer is connected to a host 
computer via the PCDA3INT data acquisition unit supplied by Bomem. The 
GRAMS/386 software is also used in order to plot out the spectra. Fig. 2.1 shows a 
picture of the DA3.002 FT spectrometer, together with the gas handling system. 
2.2 Dynamic Alignment  
 During a scan, the moving mirror has to move in a highly parallel manner. In 
order to achieve this and also to overcome the difficulty of getting an optimum initial 
alignment of the interferometer, Bomem has designed the dynamic alignment system. 
 Using appropriate laser reference signals, electronic control circuitry and 
electromagnetic mirror tilt transducers, the mirror will be dynamically aligned properly 
throughout the scan so that the actual interferogram can be reproduced.  
2.3 Optical Configuration and the Laser Source  
 The optical system is aimed at producing an appreciable optical throughput for 
high resolution infrared measurement, and also to make the process of maintenance, and 
servicing easy. Fig. 2.2 shows a diagram of the optical system along with the beam 
switching optics, sample and detector. Two main sources, the mid-infrared high-power 
globar source and the visible wavelength quartz tungsten halogen source are pre-installed 
7  
 on our DA3.002 spectrometer. The filter wheel assembly allows for a simultaneous 
mounting of up to six filters, whereby proper selection of optical filter reduces the noise 
arising from the discrete sampling. Below the filters is the optical aperture at the focal 
point of the collimating mirror. The source radiation through the aperture is collected and 
directed to the beamsplitter by the collimator. The recombined parallel beam is directed 
to one of the five experimental positions by rotating the 45o mirror. The radiation then 
passes through the sample and an ellipsoidal collecting mirror eventually focuses the 
transmitted signal onto the detector at each sample beam output.    
   
2.4 The PCDA3INT and the PCDA Software 
 The PCDA3INT allows the user to control the operation of the DA3.002 
spectrometer by a host computer. The PCDA3INT is responsible for data processing, 
which includes recentering interferograms and performing fast fourier transformations. 
 The PCDA is program for data acquisition and is run inside Microsoft Windows. 
With this software, we can monitor the spectrometer as it displays to the user the 
following information: 
%ADC - provides information of the signal strength 
Mirror position - shows the optical path difference in centimeters 
Source and Sample Pressures - displays the pressures in Torr inside the source and 
sample compartments  
Laser Stable Indicator - indicates the status of the laser  
Alignment Indicator - to show whether the interferometer is properly aligned  
8  
 Scan Mode - six modes of operation available: Local, Remote, Service, Standby, Front 
panel and Adjust  
2.6 Apodization 
 The Bomem DA3.002 provides a list of apodization functions as shown in Table 
2.1.  
SLAM(%): Theoretical amplitude of the largest sidelobe as a percentage of the amplitude 
of the main peak 
                                      Type                                   SLAM(%)      
                                     Boxcar                                      2  
                                     Barlett                                     4.5 
                                   Hamming                                  0.71 
                               Minimum 3 Term                          0.04 
                               Blackman-Harris                   
                                      Weak                                      5.8 
                                    Medium                                    1.4 
                                     Strong                                      0.3 
                                    Table 2.1 List of available apodizations. 
9  
  
 Fig. 2.1 The Bomem DA3.002 FT spectrometer together with the gas handling system. 
10  
 11  
 Fig. 2.2 The optical system 
 CHAPTER 3 - VIBRATIONAL-ROTATIONAL STRUCTURE OF 
ASYMMETRIC TOP MOLECULES 
3.1 Introduction  
 According to Ref. (1) by I. M. Mills, the vibration-rotation Hamiltonian was 
originally derived by Wilson and Howard (2), but most of the theoretical treatment 
relating it to observed vibrational-rotational spectra was developed by Nielsen (3, 4). 
More recent works are Hougen’s work on symmetry classification (5), and in Watson’s 
work on the general Hamiltonian (6). In the current study, we shall focus on Watson’s 
Hamiltonian discussed below.  
3.2 The Semirigid Molecule 
 Molecules are many types, from very weakly bound to very strongly bound, from 
very small to very large, from very light to very heavy, and for each type the principal 
problems in describing the nuclear motions are different. The present chapter is 
concerned with one limiting type, the semirigid molecule, which is assumed to be 
strongly bound and to have no low potential-energy barriers to large-amplitude internal 
motions. Such a model has been reasonably successful in explaining the vibration-
rotation spectra of many well-bound molecules.  
 A semirigid molecule can be defined as one for which the expansion of the 
Hamiltonian for nuclear motion in powers of the vibration and rotation operators 





3.3 The Complete Vibration-Rotation Hamiltonian 
 The complete vibration-rotation Hamiltonian has been shown by Watson (6) to be 
given by  
H = ∑ (1/2)µαβ (h/2π)2(Jα − πα)(Jβ − πβ) + (1/2)∑ Pr2 + V(Qr) + U      [3-1] 
       α,β                                                                                                    r 
where Jα and πα are the components of the total angular momentum and vibrational 
angular momentum in units of (h/2π) respectively; Qr and Pr denote the rth normal 
coordinate and its conjugate momentum, Pr = −i(h/2π)∂ /∂Qr ; and U is a very small, 
mass-dependent correction to the vibrational potential energy V(Qr), which can be 
neglected.  
With the use of the rotational Eckart conditions (8),  
(h/2π)πα = ∑ζlkαQl Pk            [3-2] 
                    l,k 
where ζlkα is the Coriolis zeta constant coupling Ql to Pk through rotation about the α 
axis. 
The use of the Eckart conditions also makes it possible to evaluate the µ tensor as a 
matrix product of the form  
µ = (I″)−1 Ie (I″)−1             [3-3] 
where Ie is the inertia tensor in the reference configuration and  
I″αβ = Ieαβ + (1/2)∑ akαβQk            [3-4] 
                             k  




3.4 Expansion of Hamiltonian 
 The approach employed here is based on perturbation theory (9) applied to the 
expansion of the Hamiltonian in a power series of products of vibrational and rotational 
operators. 
 The expansion of the potential energy is  
V(Q) = (1/2)∑ λkQk2 + (1/6)∑ ΦklmQkQlQm + (1/24)∑ ΦklmnQkQlQmQn + ...........    [3-6] 
                   k                                    k,l,m                                                 k,l,m,n 
where λk, Φklm, Φklmn, ....., are successive potential energy derivatives. 
The expansion of the rotational tensor µαβ is given by  
µαβ = (Iα)−1[Iαδαβ − ∑ akαβQk + (3/4)∑ akαγQkIγ−1alγβQl − .....](Iβ)−1      [3-7] 
                               k                                     k,l,γ 
When these expansions are substituted, the vibration-rotation Hamiltonian becomes (10) 
H = H20 + H30 + H40 + .......   (vibrational terms)      [3-8] 
       + H21 + H31 + H41 + .......  (Coriolis terms) 
       + H02 + H12 + H22 + .......  (rotational terms) 
where Hmn is the set of terms of degree m in the vibrational operators (Qk or Pk) and of 
degree n in the rotational operators (Jα). In this notation, the rotational Eckart conditions 
are equivalent to H11 = 0, so that the leading Coriolis term is H21 in the Eckart system. 
Terms H00 and H10 arising from the U term are neglected.  
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 3.5 Transformation of Hamiltonian Using The Contact Transform Method 
 What is achieved by the contact transformation method is a kind of separation of 
the vibration-rotation Hamiltonian, which makes it possible to discuss the effective 
rotational Hamiltonian for an individual vibrational level (7).  
 The basic idea is that we transform the Schrodinger equation  
Hψ = Eψ             [3-9] 
to Hφ = Eφ ,  H = eiSHe−iS,  φ = eiSψ ,     [3-10] 
where S is a hermitian operator so that eiS is unitary.  
In the contact transformation perturbation procedure, we assume that H is separated into 
terms of different orders of magnitude, with a book-keeping parameter λ, as  
H = Ho + λH1 + λ2H2 + λ3H3 + ...........       [3-11] 
and we consider a succession of contact transformations.  
Thus, if we write  
H = Ho + λH1 + λ2H2 + .........         [3-12] 
then Ho = Ho ,  H1 = H1 + i[S1 , Ho] 
H2 = H2 + i[S1 , H1] − (1/2)[S1 , [S1 , Ho]] + i[S2 , Ho], and so on.  
We then require H1, H2 , ... to be block-diagonal by choosing appropriate values of S1 , S2 
, ...... 
The equation to be solved is of the form  
Hmn = H′mn + i[Smn , H20]         [3-13] 
where H′mn results from previous transformations, and Smn is chosen to bring H′mn to the 
block-diagonal form Hmn. 
15  
 3.6 Rotational Constants 
 The terms H0n (n = 2, 4, 6, 8, ....) in the effective Hamiltonian are the pure 
rotational and centrifugal contributions to the energy. These describe approximately the 
rotational energy levels of the zero-point vibrational state. The terms H02 = H02 are just 
the rigid-rotor energy  
H02 = ∑ BeαJα2 = AeJα2 + BeJb2 + CeJc2       [3-14]  
          α 
(The second form is used when the axes are ordered so that Ae ≥ Be ≥ Ce.) 
where wave-number units are used, and the equilibrium rotational constant Beα is given 
by  
Beα = (h/2π)2µeαα /(2hc) = (h/2π)2/(2hcIeα)      [3-15] 
3.7 Quartic and Sextic Centrifugal Terms  
 The quartic centrifugal terms H04 form the simplest second-order contributions to 
the effective Hamiltonian.  
H04 = (1/4)∑ ταβγδJαJβJγJδ         [3-16] 
                       α,β,γ,δ   
where  
ταβγδ = −(h/2π) 4∑ akαβakγδ/(2hcλk Iα Iβ  Iγ Iδ)       [3-17] 
                                 k 
Further details on the properties of the ταβγδ tensor are given by Allen and Cross (11) and 
Papousek and Aliev (12).  
 For high-resolution spectra, sextic centrifugal terms of the type H06 have been 
frequently included in empirical fits.  
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3.8 Vibrational Dependence of Rotational Hamiltonian 
 The operators H22 , H42 , H24 , ....... contain the terms describing the dependence 
of the rotational and centrifugal constants on the vibrational quantum numbers. H22 
contributes to the vibrational dependence of the rotational constants.   
The vibrational dependence of the rotational constants are given by  
Bvβ = Beβ − ∑ αkβ[Vk + (1/2)] + .........       [3-18] 
                             k 
The contribution H24 gives the vibrational dependence of the principal centrifugal 
distortion constants. 
3.9 Coriolis Interactions 
 The first-order Coriolis terms H21 are the simplest type of vibration-rotation 
interaction. The centrifugal corrections to the Coriolis terms are given by the H23 terms, 
which have been calculated by Aliev and Watson (13). The vibrational dependence of the 
Coriolis constants is described by the H41 terms.  
 
3.10 Third-Rank Resonances 
 The terms involved are H30 , H31 and H32. The classic H30 interaction is the Fermi 
resonance. The effects of H32 observed are the rotational dependences of the Fermi 
resonance parameters. These were discussed by Maes (14). Maes also discussed the 
vibrational dependence of the Fermi resonance parameters. This is associated with the 




3.11 Reduction of Hamiltonian 
 The rotational and centrifugal constants in the Hamiltonian are to be determined 
by fitting the eigenvalues to the observed rotational energies. From the eigenvalues of an 
operator, the parameters occurring in it are to be determined. Problems of this type tend 
to be indeterminate, because the eigenvalues may depend only on certain combinations of 
the parameters. The parameters in S must be chosen to eliminate as many terms as 
possible and the reduced Hamiltonian so obtained has the same eigenvalues but a smaller 
number of parameters. 
 By the contact transformation, S can be written as an odd power series in the 
components of J as   
S = ∑   spqr(JxpJyqJzr + JzrJyqJxp)        [3-19] 
      p+q+r odd 
with real coefficients spqr. S should also be totally symmetric in the molecular point 
group. The terms of nth degree in S transform according to the symmetric nth power of 
Γ(J), which can be obtained by reduction from the representations in the rotation-
reflection group: 
Γ(J) = Pg           [3-20] 
[Γ(J)3]sym = Pg + Fg  
[Γ(J)5]sym = Pg + Fg + Hg  
Since all asymmetric top point groups are subgroups of D2h ,  
in D2h the representations reduce to  
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 Γ(J) = B1g + B2g + B3g          [3-21] 
[Γ(J)3]sym = Ag + 3B1g + 3B2g + 3B3g  
[Γ(J)5]sym = 3Ag + 6B1g + 6B2g + 6B3g  
The Ag terms are the only ones allowed in the S operator of orthorhombic molecules. 
Some or all of the B terms are allowed in non-orthorhombic molecules. It is possible in 
principle to eliminate all the B terms and reduce the Hamiltonian for a general 
asymmetric top to orthorhombic form. The Ag terms show that a further reduction of the 
orthorhombic Hamiltonian is possible. To do this, two kinds of reductions have been used 
by spectroscopists, namely the asymmetric top reduction (A reduction) and the symmetric 
top reduction (S reduction). 
 In the asymmetric top reduction, the terms that give the matrix elements with |∆K| 
> 2 are eliminated where K is the quantum number signifying the eigenvalues of Jz . The 
form of the reduced Hamiltonian (15) is  
HrotA = BxAJx2 + ByAJy2 + BzAJz2 − ∆J(J2)2 − ∆JKJ2Jz2 − ∆KJz4 
             − (1/2)[δJJ2 + δKJz2,J+2 + J−2]+ + HJ(J2)3 + HJK(J2)2Jz2  
  + HKJJ2Jz4 + HKJz6 + (1/2)[hJ(J2)2 + hJKJ2Jz2 + hKJz4, J+2 + J−2]+    [3-22] 
where J± = Jx ± iJy and [A, B]+ = AB + BA.  
 The non-vanishing matrix elements of  HrotA obey the selection rule ∆K = 0, ±2, 
are given by  
EK,K = 〈 J, K | HrotA | J, K 〉 
        = (1/2)[BxA + ByA]J(J + 1) + [BzA − (1/2)[BxA + ByA]]K 2 − ∆JJ2(J + 1)2  
           − ∆JKJ(J + 1)K2 − ∆KK4 + HJJ3(J + 1)3 + HJKJ2(J + 1)2K2  
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            + HKJJ(J + 1)K4 + HKK6         [3-23] 
 
EK,K±2 = 〈 J, K ± 2 | HrotA | J, K 〉 
           = [(1/4)[BxA − ByA] − δJJ(J + 1) − (1/2)δK[(K ± 2)2 + K2] + hJJ2(J + 1)2  
              + (1/2)hJKJ(J + 1)[(K ± 2)2 + K2] + (1/2)hK[(K ± 2)4 + K4]] 
              × [[J(J + 1) − K(K ± 1)][J(J + 1) − (K ± 1)(K ± 2)]]1/2      [3-24] 
 The Watson’s A-reduced Hamiltonian has the advantage of simple tridiagonal    
matrices. However it blows up for an accidental symmetric top molecule. In this case, it 
is useful to apply the symmetric top reduction Hamiltonian (S reduction). This is 
achieved by eliminating all Jz dependent terms with |∆K| > 0 matrix elements (16, 17). 
The S-reduced Hamiltonian has the form:   
HrotS = BxSJx2 + BySJy2 + BzSJz2 − DJ(J2)2 − DJKJ2Jz2 − DKJz4 
             +d1 J2(J+2 + J−2) + d2 (J+4 + J−4) +  HJ(J2)3 + HJK(J2)2Jz2  
  + HKJJ2Jz4 + HKJz6 + h1 (J2)2(J+2 + J−2) + h2 J2(J+4 + J−4)+ h3 (J+6 + J−6)    [3-25] 
The non-zero matrix elements satisfy the extended rule ∆K = 0, ±2, ±4, ±6, are given by: 
EK,K = 〈 J, K | HrotS | J, K 〉 
        = (1/2)[BxS + ByS]J(J + 1) + [BzS − (1/2)[BxS + ByS]]K 2 − DJ J2(J + 1)2  
           − DJKJ(J + 1)K2 − DKK4 + HJ J3(J + 1)3 + HJKJ2(J + 1)2K2  
           + HKJJ(J + 1)K4 + HKK6        [3-26] 
EK,K±2 = 〈 J, K ± 2 | HrotS | J, K 〉 
           = [(1/4)[BxS − ByS] + d1 J(J + 1) +  h1 J2(J + 1)2]  




EK,K±4 = 〈 J, K ± 4 | HrotS | J, K 〉 
           = [d2+ h2 J(J + 1)][[J(J + 1) − K(K ± 1)][J(J + 1) − (K ± 1)(K ± 2)] 
              × [J(J + 1) − (K ± 2)(K ± 3)][J(J + 1) − (K ± 3)(K ± 4)]]1/2     [3-28] 
EK,K±6 = 〈 J, K ± 6 | HrotS | J, K 〉 
           = h3 [[J(J + 1) − K(K ± 1)][J(J + 1) − (K ± 1)(K ± 2)] 
              × [J(J + 1) − (K ± 2)(K ± 3)][J(J + 1) − (K ± 3)(K ± 4)] 
              × [J(J + 1) − (K ± 4)(K ± 5)][J(J + 1) − (K ± 5)(K ± 6)]]1/2     [3-29] 
3.12 The Wang Transformation 
 To facilitate calculations, the matrix of HrotA can be factorized by the Wang 
transformation (16) into four independent submatrices.  
The new set of basis functions | J, K± 〉 are: 
| J, 0+ 〉 = | J, 0 〉                     [3-30] 
| J, K+ 〉 = (1/√2)[ | J, K 〉 + | J, −K 〉]                                   K > 0 
| J, K− 〉 = (1/√2)[ | J, K 〉 − | J, −K 〉]                                   K > 0 
By using the basis functions, the matrix elements connecting | J, K+ 〉 and | J, K− 〉 are all 
found to vanish. The four submatrices for Watson’s A-reduced Hamiltonian labelled E+, 







e.g. (for J = 8), 
                                     E0,0              (√2)E0,2              0              0              0 
                                  (√2)E0,2              E2,2               E2,4            0              0 
E+  =                               0                    E2,4               E4,4          E4,6            0 
                                       0                      0                 E4,6          E6,6          E6,8 
                                       0                      0                   0            E6,8          E8,8 
 
                                      E2,2                  E2,4                0              0 
                                      E2,4                  E4,4              E4,6            0 
E−  =                      
                                        0                    E4,6              E6,6           E6,8 
                                        0                      0                E6,8           E8,8 
 
                                 E1,1 ± E−1,1             E1,3              0                0 
                                       E1,3                   E3,3            E3,5              0 
O±  =  
                                         0                     E3,5            E5,5             E5,7 
                                         0                       0              E5,7             E7,7 
 As the Hamiltonian is invariant to the two-fold rotations C2x, C2y, C2z, which 
generate the point group D2, under the operations of the D2 point group, the Wang basis 
functions are fully symmetrised and transform as follows (17): 
C2x | J, K+ 〉  = (−1)J | J, K+ 〉                                   C2x | J, K− 〉  = (−1)J+1 | J, K− 〉   [3-31] 
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 C2y | J, K+ 〉  = (−1)J−K | J, K+ 〉                                C2y | J, K− 〉   = (−1)J−K+1 | J, K− 〉 
C2z | J, K+ 〉  = (−1)K | J, K+ 〉                                  C2z | J, K− 〉  = (−1)K | J, K− 〉 
 The transformation properties of the basis functions labeled E+, E−, O+, O− allow 
them to be classified as (12): 
Function                              J  odd                               J  even  
     E+                                      Bz                                      A 
     E−                                      A                                       Bz 
     O+                                     By                                      Bx 
     O−                                     Bx                                      By 
In specifying the symmetry species, we use the notation ee, eo, oo, oe instead of A, Ba , Bb 
, Bc . The a, b, c axes are identified with the z, x, y axes respectively in I r representation 
(12). Therefore in I r representation,  
Function                              J  odd                              J  even 
     E+                                      eo                                     ee 
     E−                                      ee                                     eo 
     O+                                     oe                                     oo 
     O−                                     oo                                     oe 
3.13 Selection Rules  
 A transition between the vibration-rotation states Ψ′evr and Ψ″evr is infrared active 
if (12) 
〈Ψ′evr | µZ | Ψ″evr 〉  ≠  0         [3-32]  
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 where µZ is the component of the electric dipole moment vector along the space-fixed 
axis Z. A more detailed information on the vibration-rotation transitions in asymmetric 
top molecules can be obtained if we use the relation  
µZ = µaλZa + µbλZb + µcλZc          [3-33] 
where µa, µb and µc are the components of the electric dipole moment vector along the 
molecule-fixed axes a, b, c and λZa, λZb and λZc are the direction cosines. If the 
interaction between vibration and rotation is neglected (Compared to the magnitude of 
the isolated vibrational and rotational parts of the Hamiltonian, the vibrational-rotational 
contribution is rather small. The effective way is to separate the vibrational and rotational 
wavefunctions in the first-order approximation which turns out to be efficient in 
numerous studies on the vibrational-rotational spectra.), the vibration-rotation 
wavefunction can be written as a product function  
 
Ψvr = ΨvΨr             [3-34] 
 
A Ψ′vr ↔ Ψ″vr transition will be infrared active, if at least one of the three matrix 
elements 〈 Ψ′v | µα | Ψ″v 〉 〈Ψ′r | λZα | Ψ″r 〉  (α = a, b, c) is different from zero. Depending 
on which component of the dipole moment connects the corresponding rotational levels, 
the infrared bands are classified as A, B, C.   
 For the asymmetric top, the rotational energy levels are specified with J, Ka and 
Kc with Ka + Kc = J or J + 1 and also ∆J = 0, +1, −1 corresponding to Q, R, P-branches 
respectively. Let e and o be operators representing even and odd changes in Ka or Kc. The 
combined operators eo, oo and oe are directly related to the components of the electric 
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 moment a, b and c respectively. No branches of this type occur for the ee operator. The 
allowed changes in representation for the three components of the electric moment, 





                                                                         Final Representation for Moment  
Initial Representation                                                          Parallel to  
                                                                   a                              b                             c             
                                                               (Least)                   (Middle)                (Greatest)    
              ee                                                 eo                            oo                           oe 
              eo                                                 ee                            oe                           oo 
              oo                                                 oe                            ee                           eo 
              oe                                                 oo                            eo                           ee 
Parity change is in                                      Kc                           KaKc                         Ka 
The results may be summarized as follows: 
For a change in electric moment parallel to the axis of least moment of inertia a (A type 
band), the parity of the Ka index does not change, 
∆Ka = 0,    ∆Kc = ±1,    ∆J = ±1               for Ka = 0     [3-35]  
∆Ka = 0,    ∆Kc = ±1,    ∆J = 0, ±1           for Ka ≠ 0 
For a change in electric moment parallel to the axis of intermediate moment of inertia b 
(B type band), the parity of both indices change, 
∆Ka = ±1,    ∆Kc = ±1,    ∆J = 0, ±1        [3-36] 
For a change in electric moment parallel to the axis of greatest moment of inertia c (C 
type band), the parity of the Kc index does not change, 
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∆Kc = 0,    ∆Ka = ±1,    ∆J = ±1               for Kc = 0      [3-37] 




 In the general case, e and o can also stand for   
∆Ka = ±2,  ±4,  ±6, ....  and ∆Kc = ±1,  ±3,  ±5, ....                 for the A type            [3-38] 
∆Ka = ±1,  ±3,  ±5, ....  and ∆Kc = ±1,  ±3,  ±5, ....                 for the B type 
∆Ka = ±1,  ±3,  ±5, ....  and ∆Kc = ±2,  ±4,  ±6, ....                 for the C type  
















CHAPTER 4 - LEAST-SQUARES REFINEMENT OF 
MOLECULAR PARAMETERS 
 The program for fitting asymmetric rotor spectra uses a Watson Hamiltonian (20). 
Once it is written to calculate the eigenvalues of an empirical rotational Hamiltonian, it is 
necessary to consider the procedure for refining the parameters in the Hamiltonian in 
order to fit a set of experimental data. The details of this procedure depend on the nature 
of the transitions observed. Thus a pure rotational spectrum depends on differences 
between the eigenvalues of a single rotational Hamiltonian, whereas the rotational 
structure of a vibration-rotation transition involves two vibration-rotation states with 
different values of the rotational parameters. If one vibration-rotation state is perturbed or 
if several transitions have a common vibration-rotation state, it may be advantageous to 
derive rotational combination differences for that vibration-rotation state and fit them in 
the same way as for a pure rotational spectrum. A similar approach can be used if it is 
possible to determine a set of rotational term values for each vibration-rotation state. 
Although it is desirable that the computer program be flexible to handle different 
situations, however, it should be remembered that the basic experimental data are the 
transition frequencies, and that information may be lost by excessive manipulation of the 
data.  
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  For our purposes, we shall consider here only the least-squares fitting of the pure 
rotational spectrum of an asymmetric top molecule (21, 22). 
 The first step, usually performed by trial and error in assigning the spectrum, is 
the determination of approximate values of the principal rotational constants and possibly 
of the more important centrifugal distortion constants. Numerical diagonalization of the 
Hamiltonian matrix with these constants then gives a trial set of energy levels and 
transition frequencies that can be compared with the observed spectrum. If the rotational 
parameters are denoted by ci, with initial estimates ci(0), then the variation in the 
computed frequency νncalculated corresponding to small variations δci is approximately  
∑(∂νncalculated/∂ci)δci = (νnobserved − νncalculated)         [4-1] 
 i 
and the aim is to refine the parameters by satisfying the equations  
∑(∂νncalculated/∂ci)δci = νnobserved − νncalculated         [4-2] 
  i 
This can be done in a least-squares sense by solving the normal equations 
∑[∑(1/σn2)(∂νncalculated/∂cj)(∂νncalculated/∂ci)]ci  
  i      n 
= ∑(1/σn2)(∂νncalculated/∂cj)(νnobserved − νncalculated)        [4-3] 
       n 
where σn is the standard deviation of νnobserved. If the normal matrix is non-singular, we 
obtain a unique solution δci and improved estimates of the parameters ci(1) = ci(0) + δci. 
The ci(1) are now used as the initial parameters in a reiteration of the calculation, and the 
process is repeated to convergence when the changes δci are smaller than some desired 
measure of precision. The values of the derivatives ∂νncalculated/∂ci are fairly stable to    
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 small variations in the parameters, so that the speed of convergence is determined largely 
by the size of the determinant of the normal matrix. If the information provided by the 
transitions employed is not adequate to determine all the parameters in the Hamiltonian, 
the determinant will be small and the least-squares equations will be ill-conditioned. To 
overcome this type of difficulty it is necessary to add further experimental data or reduce 
the number of parameters in the Hamiltonian.  
 If some of the errors νnobserved − νncalculated in the converged solution remain large 
relative to the experimental precision, further terms are probably required in the 
Hamiltonian. On the other hand, a few isolated cases of large errors probably indicate 
misassignments or possibly the existence of perturbation effects unaccounted for. In such 












CHAPTER 5 – HIGH RESOLUTION FTIR SPECTRA OF THE ν6, 2ν9,  
ν5, AND ν3 BANDS OF HCOOD 
 
5.1 Introduction 
 The vibrational bands of normal and isotopically substituted formic acid, 
including the D, 18O, 13C species, were assigned by Redington (23) from low-resolution 
infrared spectra. Spectral data on formic acid (HCOOH) is applicable to the field of 
radioastronomical studies as it was the first organic acid detected in interstellar space. It 
also proved to be a rich source of far-infrared laser emission when pumped with the CO2 
laser (24, 25). So far a number of microwave, low-, and high-resolution infrared 
measurements (26 – 37) were made on various bands of HCOOH, DCOOH, H13COOH, 
HCOOD, and DCOOD. In particular, high-resolution studies for HCOOD were limited to 
the ν3 band (34), and the ν7 and ν9 bands (36). It is our intention in this chapter to study 
the ν5 (1177 cm-1), ν6 (973 cm-1), 2ν9 (1012 cm-1) bands of HCOOD, and to improve the 
results of the ν3 (1774 cm-1) band constants.  
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5.2 Experimental Details 
 Commercially available HCOOD purchased from Cambridge Isotope 
Laboratories (Massachusetts) was used in our measurements. The sample consisted of a 
95% by weight solution of HCOOD in D2O, with a HCOOD chemical purity of better 
than 98%. Approximately 0.23 Torr of the vapor measured was directly introduced into 
the single-pass cell at an absorption path length of 20 cm, to measure the ν5 band. A 
slightly lower pressure of 0.12 Torr was used to measure the ν3 fundamental, while an 
appreciably large pressure of 2.33 Torr was used to measure the ν6, and 2ν9 dyad due to 
the weaker spectra intensity of this band system. All spectra were recorded on the 
Bomem DA3.002 Fourier transform spectrometer at the National University of Singapore 
(38, 39). An unapodized resolution of 0.0024 cm-1 was used.  
 Materials such as Pyrex glass, stainless steel, Viton O-rings, and perfluorinated 
grease which were in direct contact with HCOOD vapor were corrosion resistant. The 
KBr windows used in the absorption cell were found to be inert to the HCOOD vapor. 
The ambient temperature during the measurements was about 296 K. It was found that 
the sample of HCOOD vapor in the absorption cell transforms slowly to HCOOH during 
the recording of the spectrum. To reduce possible HCOOD decomposition during the 
recording of the spectra, the vapor was shielded from ambient light. To ensure a 
substantial presence of HCOOD in the absorption cell while recording the 
interferograms, the HCOOD vapor was replaced with a fresh sample every 4.5 h. Fig. 5.1 










← To vacuum pump                                     Stop-cock                 Calibration gases →                                       
 
                                                                                            Capacitive gauge 
                                                                                                                             
                                                                                                      sample vapour → 
   Liquid-N2 cold trap 
 
                                                                       
                                                        Absorption cell fitted with KBr windows at the sides   
                           Fig. 5.1 Schematic diagram of the gas-handling system. 
 A total of 6 runs of 50 scans each were co-added to obtain the final spectrum, for 
each band with the total scanning time of about 28 h. Prior to the recording of the 
spectrum of HCOOD, a spectrum of the evacuated cell, which consisted of 200 scans at a 
resolution of 0.1 cm-1, was recorded and transformed to 0.0024 cm-1 with zero filling in 
order to obtain a background spectrum. From the ratio of the sample spectrum to the 
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 background spectrum, a transmittance spectrum with an essentially flat baseline was 
obtained. The linewidth (FWHM) in the unapodized spectrum was observed to be about 
0.003 cm-1, which was indicative of negligible pressure broadening. All spectra were 
recorded using an internal globar infrared source and a liquid-nitrogen-cooled Hg-Cd-Te 
detector. A KBr beam splitter was used in the measurements. A low-pass band filter with 
a range of 0-1500 cm-1 was used while recording the ν5, ν6, and 2ν9, in order to limit 
radiation outside this range reaching the detector.   
 The frequency scale of the ν5 spectrum was calibrated using N2O lines taken from 
Guelachvili and Rao (40) in the region of 1130-1240 cm-1, while that of the ν3 was 
calibrated with H2O lines from 1700 to 1845 cm-1. The ν6 and 2ν9 was calibrated using 
line frequencies of NH3 in the region 921-1035 cm-1. The absolute accuracy of the 
calibration is estimated to be ±0.0002 cm-1. However, the measured frequency values are 
estimated to be accurate to ±0.0004 cm-1 because of small systematic errors in the 
experiments. 
5.3 Analysis of the ν6, and 2ν9 Dyad 
 HCOOD is a near-prolate slightly asymmetric top (k = -0.94) molecule with CS 
symmetry. It has nine fundamental bands of which seven are in-plane and two are out-of-
plane vibrations. The ν6 band, which is a COD bend (23), and the 2ν9 band are both in-
plane and therefore should be assigned as hybrid A and B type bands. The bands were 
analyzed to be primarily A type. The energy levels of these nine bands, and ν7 + ν9, and 
2ν9 and their corresponding symmetries, are illustrated in Fig. 5.2. The ν6, 2ν9, ν8, and ν7 
+ ν9 bands cover a spectral range of 930-1080 cm-1. Both bands are found to be generally 




 In the initial assignment of low J values of the two bands, cluster patterns 
























and overlap. Fig. 5.3 shows the details of the J″ = 7 cluster in the P branch of ν6. A large 
asymmetry splitting is observed in the Ka″ = 1 and 2 transitions while the rest are not 
split. Asymmetry splittings are also observed for Ka″ = 1 and 2 transitions in the J″ = 5 
cluster of the R branch of 2ν9, as shown in Fig. 5.4. It is found that as J″ values increases 
for each cluster, asymmetry splitting occurs for even higher Ka″ values. 
 During our analysis, we have found that the transitions for both bands deviate 
quite badly due to their mutual interaction. Perturbations of particular noticeability are 
the Ka = 4, 5, 6, and 7 levels of ν6 and the Ka = 2, 3, and 4 levels of 2ν9. Due to the high 
deviations as shown in Figs. 5.5 and 5.6, we have to include perturbation terms in order 
to fit both bands accurately. However, as shown in Fig. 5.2, 2ν9 is not the only perturbing 
band of ν6, other bands which interfere with ν6 and 2ν9 are the ν8 band at 1035 cm-1 and 
possibly the ‘dark’ band ν7 + ν9 situated at about 1063 cm-1. In our spectrum, the ν8 band 
is not observed because of its weak intensity. Perturbations of ν6 with ν8 affect the Ka ≥ 8 
levels of ν6. As a result, due to the excessive perturbations, we have excluded these levels 
from our fit in order to get better accuracy in our analysis. 
 Accurate rovibrational ground states derived from microwave transitions (27) and 
the ground state combination differences of ν5 band have made the preliminary 
assignments of the ν6 spectrum straight forward. The usual iterative procedure starting 
from low J and Ka values was employed for the non-linear fit. Eventually, about 453  a-
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 type transitions of ν6 were assigned and fitted with a rms uncertainty of 0.000376 cm-1. 
Since this uncertainty value is comparable to the measured accuracy (0.0004 cm-1) of 






























linear fit, a Watson’s A-reduced Hamiltonian in the Ir representation was applied (20). In 
the non-linear least squares fit, each infrared transition was given an uncertainty of 
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 0.0005  cm-1. In the fitting process, transitions starting from J′ = 17 for Ka″ = 5 were 
found to be displaced as high as 0.07 cm-1 symmetrically for both P and R branches. 
These deviations are illustrated in Fig. 5.5. Similarly, large deviations of observed 
wavenumber for ν6 from corresponding calculated values were found for Ka″ = 4, 6, and 
7. For 2ν9, the deviations occur in the opposite direction for J′ = 9-22 and Ka″ = 2-4, as 
shown in Fig. 5.6. A total of about 350 transitions for both ν6 and 2ν9 were found to be 
perturbed.  
 The perturbed transitions observed during the fit can be attributed to the c-axis 
Coriolis resonance and Fermi resonance between ν6 and 2ν9. Finally, a total of 697 
infrared transitions of ν6 and 379 transitions of 2ν9 inclusive of about 350 perturbed 
transitions were assigned and fitted using a Watson’s A-reduced Hamiltonian in the Ir 
representation with the inclusion of c-axis Coriolis and Fermi resonance coupling terms. 
The c-Coriolis couplings and Fermi resonance between the ν6 and 2ν9 levels are 
described using the following matrix elements (41, 42): 
〈2ν9, J, K±1Hν6, J, K〉 = ±ξc(1/2)[J(J+1) − K(K±1)]1/2       [5-1] 
〈2ν9, J, K Hν6, J, K〉 = WK2          [5-2] 
 
 The derived rovibrational constants along with their statistical errors are shown in 
Table 5.1. Rotational and all five quartic centrifugal distortion constants for ν6 and 2ν9 
have been accurately determined. The band centres for ν6 and 2ν9 were found to be 
972.851957 ± 0.000095 and 1011.676647 ± 0.000119 cm-1 respectively. The sextic 
distortion constants of ν6 and 2ν9 which could not be determined accurately in our fit 
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 were fixed at the ground state constants. In our fit for the upper states, the ground state 
constants were fixed using the latest available accurate values derived from microwave 
transitions (27), and ground state combination differences of ν5 of HCOOD. 
 In our present work, we have analysed 1076 a-type transitions of both ν6 and 2ν9 
covering the whole spectral range of 930-1040 cm-1. The a-type transitions from J′ = 1 to 
47 for ν6 and J′ = 1 to 23 for 2ν9 were assigned and fitted. A rms deviation of 0.00075 
cm-1 for 1076 transitions was achieved. 
 Tables 5.2 and 5.3 gives the assignments of the perturbed transitions along with 
their deviations before (Dev1) and after (Dev2) the simultaneous fit of ν6 and 2ν9. As 
shown in Tables 5.2 and 5.3, a large proportion of the perturbations’ deviations have 
been reduced by more than 80%. This can be explained in terms of a considerable 
amount of wavefunction mixing of ν6 and 2ν9 which resulted in the derivations of c-type 
Coriolis and Fermi resonance interaction constants. The observed − calculated residues 
obtained after the simultaneous fit of ν6 and 2ν9 which include the Coriolis and Fermi 
resonance terms in the perturbed region are plotted against Ka as shown in Figs. 5.7 and 
5.8 respectively. The approximate symmetric distribution about the zero line indicates 
that the behaviour of the residues could be regarded as random in nature in our 
experiments. 
  Hence from our rovibrational analysis of the Coriolis and Fermi resonance 
interaction between ν6 and 2ν9 bands of HCOOD, the v6 = 1 and v9 = 2 constants up to 
quartic terms and c-Coriolis coupling and Fermi resonance constants were derived. They 




Table 5.1 Rovibrational and Coupling Constants (in cm-1) for v6 = 1 and v9 = 2 states              
of HCOOD. (A-Reduction, Ir Representation) 
   
    Ground statea             v6 = 1                         v9 = 2 
A   2.204 843 2(17)b     2.199 651 8(106)          2.185 069 (20) 
B                0.392 356 372(65)     0.389 778 60(136)        0.386 043 3(26)   
C    0.332 561 968(65)     0.332 109 3(86)            0.331 455 6(91)  
 
∆J ×106             0.338 990(117)              0.458 05(95)        0.352 5(41)            
∆JK ×105          -0.197 86(30)                -0.031(64)                   0.426(77)        
∆K ×104             0.324 6(48)                -2.939(16)                      3.375(15) 
δJ  ×107             0.717 79(98)                  1.297 3(46)                   -0.644(30)  
δK ×105             0.143 6(16)                 0.799 6(50)        -2.297(37) 
 
HJK × 109    0.0                [0.0]c                            [0.0] 
HKJ  ×109          -0.234(35)        [-0.234]                        [-0.234] 
HK ×107            -0.251(69)        [-0.251]                        [-0.251] 
hJ ×1012             0.147(38)        [0.147]          [0.147] 
 
ν0                           −              972.851 957(95)           1011.676 648(119)    
                                                                 
Coupling constant      
ξc                                                                             0.165 70(100)                                                                        
W                                                                      0.109 97(26)                               
 
Number of Rotational Transitions    87d                                                                          
                                                                                                              
Number of Infrared Transitions      1454e                   1076                                  
 
a) The ground state constants were derived from microwave transitions of Ref. (27) 
    and ground state combination differences of ν5 of HCOOD. 
b) The uncertainty in the last digits (twice the estimated standard error) is given in 
     parenthesis. 
c) The values in square brackets were fixed to the ground state values. 
d) All rotational transitions were taken from Ref. (27). 
e) For the ground state the number of infrared transitions is actually the  








 Table 5.2 Assignments and deviations (obs. – calc.) in cm-1 for v6 = 1 transitions 
before and after inclusion of perturbing constants. 
 
J′ Ka′ Kc′ J″ Ka″ Kc″    Freq    Dev1           Dev2         ∆D%  
 
28 5 24 29 5 25 949.7484 -0.0658         0.00203       96.9 
28 4 25 29 4 26 949.9374 -0.0300        -0.00053       98.2 
27 5 23 28 5 24 950.6245 -0.0544         0.00041       99.2 
27 4 24 28 4 25 950.7812 -0.0218         0.00065       97.0 
26 4 23 27 4 24 951.6206 -0.0175        -0.00035       98.0 
25 5 21 26 5 22 952.3578 -0.0364        -0.00041       98.9 
25 4 22 26 4 23 952.4590 -0.0132        -0.00020       98.5 
24 5 20 25 5 21 953.2140 -0.0301        -0.00106       96.5 
24 4 21 25 4 22 953.2949 -0.0101        -0.00018       98.2 
23 5 19 24 5 20 954.0645 -0.0241        -0.00072       97.0 
23 4 20 24 4 21 954.1288 -0.0070         0.00042       94.0 
22 4 19 23 4 24 954.9588 -0.0056        -0.00004       99.3 
21 5 17 22 5 18 955.7446 -0.0164        -0.00142       91.3 
21 4 18 22 4 19 955.7860 -0.0041         0.00006       98.5 
20 5 16 21 5 17 956.5754 -0.0133        -0.00148       88.9  
20 4 17 21 4 18 956.6094 -0.0030         0.00005       98.3 
19 5 15 20 5 16 957.3999 -0.0107        -0.00150       86.0 
19 4 16 20 4 17 957.4290 -0.0021         0.00013       93.8 
18 7 11 19 7 12 958.1313 -0.0070         0.00014       98.0 
18 7 12 19 7 13 958.1313 -0.0070         0.00014       98.0 
18 6 12 19 6 13 958.1463 -0.0470        -0.00083       98.2 
18 6 13 19 6 14 958.1463 -0.0471         0.00076       98.4 
18 5 14 19 5 15 958.2189 -0.0081        -0.00103       87.3 
18 4 15 19 4 16 958.2442 -0.0014         0.00016       88.6 
17 7 10 18 7 11 958.9414 -0.0072         0.00009       98.8 
17 7 11 18 7 12 958.9414 -0.0072         0.00009       98.8 
17 6 11 18 6 12 958.9652 -0.0377        -0.00109       97.1 
17 6 12 18 6 13 958.9652 -0.0378        -0.00027       99.3 
17 5 13 18 5 14 959.0310 -0.0068        -0.00141       79.3 
16 7  9 17 7 10 959.7462 -0.0074        -0.00027       96.4 
16 7 10 17 7 11 959.7462 -0.0074        -0.00027       96.4 
16 6 10 17 6 11 959.7774 -0.0298        -0.00149       95.0 
16 6 11 17 6 12 959.7774 -0.0298        -0.00110       96.3 
15 7  8 16 7  9 960.5471 -0.0065         0.00026       96.0 
15 7  9 16 7 10 960.5471 -0.0065         0.00026       96.0 
15 6  9 16 6 10 960.5836 -0.0226        -0.00139       93.8 
15 6 10 16 6 11 960.5836 -0.0226        -0.00122       94.6 
14 7  7 15 7  8 961.3428 -0.0056         0.00049       91.3 
14 7  8 15 7  9 961.3428 -0.0056         0.00049       91.3 
14 6  8 15 6  9 961.3829 -0.0173        -0.00197       88.6 
14 6  9 15 6 10 961.3829 -0.0173        -0.00189       89.1 
13 7  6 14 7  7 962.1334 -0.0049         0.00043       91.2 
13 7  7 14 7  8 962.1334 -0.0049         0.00043       91.2 
13 6  7 14 6  8 962.1773 -0.0118        -0.00120       89.8 
13 6  8 14 6  9 962.1773 -0.0118        -0.00117       90.1 
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 12 7  5 13 7  6 962.9197 -0.0035         0.00086       75.4 
12 7  6 13 7  7 962.9197 -0.0035         0.00086       75.4 
12 6  6 13 6  7 962.9644 -0.0085        -0.00175       79.4 
12 6  7 13 6  8 962.9644 -0.0085        -0.00174       79.5 
11 7  4 12 7  5 963.7011 -0.0021         0.00122       41.9 
11 7  5 12 7  6 963.7011 -0.0021         0.00122       41.9 
11 6  5 12 6  6 963.7464 -0.0056        -0.00175       68.8  
11 6  6 12 6  7 963.7464 -0.0056        -0.00174       68.9 
10 6  4 11 6  5 964.5227 -0.0035        -0.00184       47.4 
10 6  5 11 6  6 964.5227 -0.0035        -0.00184       47.4 
10 6  5  9 6  4 979.7667 -0.0037        -0.00211       43.0 
10 6  4  9 6  3 979.7667 -0.0037        -0.00211       43.0 
11 7  5 10 7  4 980.3955 -0.0021         0.00123       41.4 
11 7  4 10 7  3 980.3955 -0.0021         0.00123       41.4 
11 6  6 10 6  5 980.4452 -0.0057        -0.00186       67.4 
11 6  5 10 6  4 980.4452 -0.0057        -0.00186       67.4  
12 7  6 11 7  5 981.0681 -0.0033         0.00103        68.8 
12 7  5 11 7  4 981.0681 -0.0033         0.00103        68.8 
12 6  7 11 6  6 981.1180 -0.0093        -0.00254       72.7 
12 6  6 11 6  5 981.1180 -0.0093        -0.00255       72.6 
13 7  7 12 7  6 981.7365 -0.0045         0.00080        82.2 
13 7  6 12 7  5 981.7365 -0.0045         0.00080        82.2 
13 6  8 12 6  7 981.7874 -0.0123        -0.00170       86.2 
13 6  7 12 6  6 981.7874 -0.0123        -0.00174       85.9 
14 7  8 13 7  7 982.4003 -0.0059         0.00020        96.6 
14 7  7 13 7  6 982.4003 -0.0059         0.00020        96.6 
14 6  9 13 6  8 982.4508 -0.0172        -0.00182       89.4 
14 6  8 13 6  7 982.4508 -0.0172        -0.00190       89.0 
15 7  9 14 7  8 983.0604 -0.0067         0.00007       99.0 
15 7  8 14 7  7 983.0604 -0.0067         0.00007       99.0 
15 6 10 14 6  9 983.1095 -0.0228        -0.00140       93.9 
15 6  9 14 6  8 983.1095 -0.0228        -0.00159       93.0 
15 5 11  14 5 10 983.1866 -0.0044        -0.00148       66.4 
16 7 10 15 7  9 983.7163 -0.0072        -0.00009       98.8 
16 7  9 15 7  8 983.7163 -0.0072        -0.00010       98.6 
16 6 11 15  6 10 983.7628 -0.0297        -0.00095       96.8 
16 6 10 15 6  9 983.7628 -0.0297        -0.00138       95.4 
16 5 12 15 5 11 983.8498 -0.0052        -0.00119       77.1 
17 7 11 16 7 10 984.3690 -0.0067         0.00064        90.4 
17 7 10 16 7  9 984.3690 -0.0067         0.00064        90.4 
17 6 12 16 6 11 984.4107 -0.0377        -0.00025       99.3 
17 6 11 16 6 10 984.4107 -0.0377        -0.00113       97.0 
17 5 13 16 5 12 984.5083 -0.0069        -0.00153       77.8 
18 7 12 17 7 11 985.0159 -0.0074        -0.00025       96.6 
18 7 11 17 7 10 985.0159 -0.0074        -0.00025       96.6 
18 6 13 17 6 12 985.0533 -0.0470         0.00079       98.3 
18 6 12 17 6 11 985.0533 -0.0471        -0.00093       98.0 
18 5 14 17 5 13 985.1633 -0.0082        -0.00108       86.8  
19 7 13 18 7 12 985.6600 -0.0064         0.00017       97.3 
19 7 12 18 7 11 985.6600 -0.0064         0.00016       97.5 
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 19 5 15 18 5 14 985.8130 -0.0109        -0.00166       84.8 
20 7 14 19 7 13 986.3007 -0.0045         0.00115       74.4 
20 7 13 19 7 12 986.3007 -0.0045         0.00113       74.9 
20 5 16 19 5 15 986.4592 -0.0130        -0.00123       90.5  
21 5 17 20 5 16 987.1003 -0.0163        -0.00131       92.0 
21 4 18 20 4 17 987.1839 -0.0039         0.00020       94.9 
22 4 19 21 4 18 987.8229 -0.0058        -0.00026       95.5 
23 5 19 22 5 18 988.3680 -0.0244        -0.00093       96.2 
23 4 20 22 4 19 988.4569 -0.0075        -0.00005       99.3 
24 4 21 23 4 20 989.0843 -0.0102        -0.00031       97.0 
25 5 21 24 5 20 989.6141 -0.0362        -0.00025       99.3 
25 4 22 24 4 21 989.7054 -0.0134        -0.00034       97.5 
26 5 22 25 5 21 990.2279 -0.0444         0.00007       99.8  
26 4 23 25 4 22 990.3199 -0.0174        -0.00025       98.6  
28 5 24 27 5 23 991.4339 -0.0670         0.00084       98.7 
28 4 25 27 4 24 991.5251 -0.0306        -0.00108       96.5 
29 4 26 28 4 25 992.1153 -0.0401        -0.00117       97.1  
30 5 26 29 5 25 992.6053 -0.1025         0.00232       97.7 
 
 
Table 5.3 Assignments and deviations (obs. – calc.) in cm-1 for v9 = 2 transitions 
before and after inclusion of perturbing constants. 
 
J′ Ka′ Kc′ J″ Ka″ Kc″    Freq    Dev1           Dev2          ∆D%  
 
21 3 19 22 3 20 994.0196 0.0209         0.00067        96.8   
20 2 18 21 2 19 994.0528 0.0289         -0.00165        94.3 
20 4 16 21 4 17 994.5198 0.0814         -0.00027        99.7 
20 3 18 21 3 19 994.8607 0.0168          0.00049    97.1 
19 2 17 20 2 18 994.9336 0.0235         -0.00104        95.6 
19 4 16 20 4 17 995.5236 0.0644         -0.00279        95.7 
19 3 17 20 3 18 995.7019 0.0132          0.00031        97.7 
18 4 14 19 4 15 996.3210 0.0535          0.00060        98.9 
18 4 15 19 4 16 996.3865 0.0514         -0.00178        96.5 
18 3 16 19 3 17 996.5431 0.0108          0.00082        92.4 
17 4 13 18 4 14 997.1995 0.0422          0.00084        98.0  
17 4 14 18 4 15 997.2431 0.0398         -0.00146        96.3 
17 3 15 18 3 16 997.3823 0.0084          0.00095        88.7 
16 2 14 17 2 15 997.6152 0.0104         -0.00040        96.2 
16 4 13 17 4 14 998.0933 0.0303         -0.00112        96.3 
16 3 14 17 3 15 998.2192 0.0065          0.00117        82.0 
15 4 11 16 4 12 998.9193 0.0244          0.00099        95.9 
15 3 13 16 3 14 999.0520 0.0041          0.00036        91.2 
14 2 12 15 2 13 999.4156 0.0053          0.00019        96.4 
14 4 10 15 4 11 999.7627 0.0178         0.00095        94.7 
14 3 12 15 3 13 999.8820 0.0031          0.00078        74.8 
13 4  9 14 4 10       1000.5968 0.0131          0.00139        89.4 
13 4 10 14 4 11       1000.6040 0.0131         0.00139        89.4 
13 3 11 14 3 12       1000.7068 0.0020          0.00059        70.5 
12 2 10 13 2 11       1001.2050 0.0021          0.00038        81.9 
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 12 4  8 13 4  9        1001.4205 0.0085          0.00076        91.1 
12 4  9 13 4 10       1001.4249  0.0088          0.00102        88.4 
10 4  6 11 4  7        1003.0434 0.0039          0.00114        70.8 
10 4  7 11 4  8        1003.0434 0.0027         -0.00005        98.1 
 9 4  5 10 4  6        1003.8419 0.0022          0.00081     63.2  
 9 4  6 10 4  7        1003.8419 0.0016          0.00023        85.6 
 9 4  6  8 4  5        1017.6465 0.0017          0.00028        83.5 
 9 4  5  8 4  4        1017.6465 0.0016          0.00017        89.4 
10 4  7   9 4  6        1018.3078 0.0035          0.00076        78.3 
10 4  6  9 4  5        1018.3078 0.0033          0.00052        84.2 
11 4  8 10 4  7        1018.9629 0.0060          0.00112        81.3 
11 4  7 10 4  6        1018.9629 0.0056          0.00069        87.7 
12 4  9 11 4  8        1019.6119 0.0092          0.00143        84.5 
12 4  8 11 4  7        1019.6119 0.0085          0.00069        91.9   
12 2 10  11 2  9        1019.8943 0.0020          0.00027        86.5 
13 4 10 12 4  9        1020.2549 0.0134          0.00171        87.2 
13 4  9 12 4  8        1020.2549 0.0123          0.00053        95.7 
13 2 11  12 2 10       1020.5379 0.0037          0.00050        86.5 
14 2 12 13 2 11       1021.1697 0.0051          0.00001        99.8 
15 4 12 14 4 11       1021.5193 0.0217         -0.00155        92.9 
15 4 11 14 4 10       1021.5245 0.0245          0.00109        95.6 
15 3 13 14 3 12       1021.6143 0.0046          0.00095        79.3 
15 2 13 14 2 12       1021.7910 0.0078          0.00023        97.1  
16 4 13 15 4 12       1022.1447 0.0302         -0.00120        96.0 
16 4 12 15 4 11       1022.1503 0.0325          0.00096        97.0 
16 3 14 15 3 13       1022.2309 0.0060          0.00067        88.8 
16 2 14 15 2 13       1022.4005 0.0105         -0.00027        97.4 
17 3 15 16 3 14       1022.8407 0.0081          0.00065        92.0 
18 3 16 17 3 15       1023.4443 0.0113          0.00135        88.1 
18 2 16 17 2 15       1023.5888 0.0185         -0.00072        96.1 
19 3 17 18 3 16       1024.0397 0.0134          0.00054        96.0 
19 2 17 18 2 16       1024.1679 0.0228         -0.00166        92.7 
20 3 18 19 3 17       1024.6294 0.0168          0.00046        97.3 
22 3 20 21 3 19       1025.7903 0.0245         -0.00025        99.0   
  
Note: 
Dev1 – Deviations between observed and calculated frequencies before inclusion of 
perturbing constants. 
Dev2 – Deviatons between observed and calculated frequencies after inclusion of 
perturbing constants. 



















5.4 The ν5 Band 
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  In the present work, a rotational analysis of the ν5 band of HCOOD has been 
carried out for the first time. Accurate rotational, all five quartic centrifugal distortion 
constants, and three sextic distortion constants for the v5 = 1 vibrational state are 
presented. A total of 1943 infrared transitions (mostly a-type) were fitted. ν5 is expected 
to be perturbed by the nearby 2ν7. The perturbations of ν5 are noticeable for the Ka = 12 
and 14 transitions, although the entire contribution from the coupling proves to be rather 
weak. About 90 perturbed transitions are left out in the final fit in order to achieve the 
final accurate unperturbed spectroscopic parameters. 
 The ν5 spectrum is expected to be a hybrid band consisting of both a-type and b-
type transitions. The observed rotational line structure of the band agrees with this 
expectation; however, the a-type transitions are much stronger in intensity as compared 
with the b-type transitions. A high-resolution survey spectrum of ν5 is shown in Fig. 5.9. 
A strong central Q branch with equally prominent P and R branches, is characteristic of 
an A type band. A series of strongest transitions with a separation of about 0.72 cm-1 
(which is about B+C) was easily observable in the P and R branches. This series was due 
to the a-type transitions of the resolved J″ = Kc″ and Ka″ = 0 or 1. The lines due to 
transitions in each J-cluster were quite well-separated, however the cluster for one J-
value overlapped to a certain extent those for higher J-values. The low J-clusters for the 
R-branch were not easily discernible by a cursory glance at the spectrum because they 
were interwoven with the lines of the Q-branch. 
 In the initial assignments, the observation of a-type asymmetry splittings at low 









 rotational analysis the low J  transitions of the P- and R-branches were assigned first. 
These assigned transitions were fitted to get preliminary constants that were used to 
predict transitions of higher J-values. These higher J-transitions were then assigned and 
the process was repeated iteratively to extend the assignments to even higher quantum 
numbers. Fig. 5.10 shows details of the ν5 P branch assignments for the (mainly) J″ = 8 
clusters. 
 The Q-branch transitions could only be assigned after the P- and R-branch 
transitions had been accurately assigned and fitted. The assignments for these transitions 
were verified by the good fit of the assigned lines with the corresponding well-isolated 
and authenticated lines in the Q-branch region. A total of about 350  Q-branch transitions 
of ν5 were used in the fit. 
 The observed infrared transitions were fitted by means of a Watson-type A-
reduced rotational Hamiltonian (20) in the Ir representation. The ground state constants in 
Table 5.4 for HCOOD were derived from 88 microwave transitions by Willemot et al. 
(27). In the non-linear least-squares fit that determined the upper state constants for ν5, 
the ground state constants were fixed.  The Hamiltonian involving five quartic and three 
sextic terms was used in the final fit.  
 In the least-squares analysis, the observed frequency values were weighted by the 
inverse square of the estimated uncertainty. As a general rule, an uncertainty of 0.0004 
cm-1 was given to the single resolved lines, while 0.0008 cm-1 was given to   the 
unresolved doublets of the infrared transitions. A total of 1943 infrared transitions from 
ν5 were used in the determination of the upper state (v5 = 1) constants. For the assigned 
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the R-branch, and J′ = 52, Ka′ = 14, and Kc′ = 52 for the P-branch. 111 b-type transitions 
were also assigned and shown in Table 5.5. The main assignments were made to the 
stronger Ka′ = 0, 1, and 2 transitions. The obtained constants for v5 = 1  are given in 
Table 5.4. 
 During the analysis, the Ka = 12 and 14 transitions are found to be noticeably 
perturbed. For transitions of Ka = 12, the difference between the observed and calculated 
wavenumbers (O − C) in the P-branch increases from 0.0016 cm-1 at J′ = 27 to 0.0024  
cm-1 at J′ = 29, then suddenly jumps to -0.0057 cm-1 at J′ =32 and becomes less perturbed 
to -0.0015 cm-1 at J′ = 34. This trend is similarly observed for the R-branch in which the 
difference (O − C) increases from 0.0013 cm-1 at J′ = 27 to 0.0040 cm-1 at J′ = 30, jumps 
to -0.0061 cm-1 at J′ = 32 and becomes less perturbed at J′ = 34 onwards. These 
deviations are plotted in Figs. 5.11(a) and (b) respectively. The Ka = 14 transitions were 
also found to be perturbed. In the P-branch, the difference (O − C) increases from 0.0032 
cm-1 at J′ = 22 to 0.0122 cm-1 at J′ = 28. Similarly, in the R-branch, it increases from 
0.0016 cm-1 at J′ = 21 to 0.0124 cm-1 at J′ = 28. Some slight perturbations were also 
observed for the Ka = 6 transitions in the high-J regions. Approximately 90 perturbed 
transitions were identified. These perturbed lines were excluded in our fit. Thus, the fitted 
constants are believed to be decoupled to a great extent. 
 Investigations into the spectrum showed that on the whole, ν5 is only slightly 
perturbed by the unobserved nearby 2ν7 (~ 1110 cm-1) through the potential Fermi as 
well as the c-type Coriolis resonances. Attempts to record the 2ν7 band are unsuccessful 
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 for the ν5/2ν7 dyad in order to obtain highly accurate unpertubed constants for both states 
as well as the coupling parameter. 
 
 
Table 5.4 Rovibrational Constants (in cm-1) for the ν5 Band of HCOOD as Determined 
for  
                the A-Reduction of the I r Representation 
 
                 Ground Statea                                                             v5 = 1 
 
A   2.204 843 89(167)                                                     2.220 258 90(94)b    
B               0.392 356 514(100)                                                   0.390 359 374(131) 
C              0.332 561 938(110)                                                    0.330 673 808(135) 
 
∆J ×106                0.339 725(330)                                                               0.336 286(40) 
∆JK ×105              -0.199 038(400)                                                            -0.230 036(126) 
∆K ×104                  0.329 6(117)                                                                 0.374 079(83) 
δJ  ×107                  0.715 96(127)                                                               0.703 46(87) 
δK ×105                  0.148 04(280)                                                              0.171 51(28) 
 
HKJ  ×109               -0.413 6(534)                                                                 -0.556 6(88) 
HK ×107                    0.624(150)                                                                  0.634 59(17) 
hJ ×1012                    -0.267(60)                                                                    -0.325(29) 
 
ν0                                                                                                     1 177.093 779(18) 
 
Number of rotational transitions     88 
Number of IR transitions                                             1 943 
rms deviation (cm−1)                                                  0.000 347 
 
 
a) The ground state constants were taken from Ref. (27).  
b) The uncertainty in the last digits (twice the estimated standard error) is given in 










Table 5.5 b-type transitions in the ν5 band of HCOOD (cm-1) 
 
          J′        Ka′      Kc′ J″ Ka″    Kc″       Observed  
    30    0   30  -  31    1   31   1154.4409  
    27    2   26  -  28    1   27   1156.3417   
    26    1   26  -  27    0   27   1157.5314   
    25    2   24  -  26    1   25   1157.9923   
    25    0   25  -  26    1   26   1158.2673   
    23    0   23  -  24    1   24   1159.7649   
    21    1   20  -  22    2   21   1159.7766   
    23    1   23  -  24    0   24   1159.8138   
    22    0   22  -  23    1   23   1160.5057   
    21    0   21  -  22    1   22   1161.2404   
    21    1   21  -  22    0   22   1161.3271   
    21    2   20  -  22    1   21   1161.4811   
    20    1   20  -  21    0   21   1162.0825   
    20    3   18  -  20    4   17   1163.3752   
    19    3   17  -  19    4   16   1163.5228   
    18    1   18  -  19    0   19   1163.5973   
    17    0   17  -  18    1   18   1164.0983   
    18    2   17  -  19    1   18   1164.3431   
    17    3   14  -  17    4   13   1164.4320   
    16    0   16  -  17    1   17   1164.7871   
    16    1   16  -  17    0   17   1165.1225   
    15    0   15  -  16    1   16   1165.4628   
    15    1   15  -  16    0   16   1165.8949   
    14    0   14  -  15    1   15   1166.1217   
    14    1   14  -  15    0   15   1166.6742   
    15    2   14  -  15    3   13   1166.6804   
    13    0   13  -  14    1   14   1166.7657   
    12    0   12  -  13    1   13   1167.3921   
    26    2   24  -  26    3   23   1167.7314   
    11    0   11  -  12    1   12   1168.0020   
    12    1   12  -  13    0   13   1168.2674   
    11    2    9  -  11    3    8   1168.2885   
    12    2   10  -  12    3    9   1168.4260   
    21    1   20  -  21    2   19   1168.4718   
    24    2   22  -  24    3   21   1168.5779   
    13    2   11  -  13    3   10   1168.5779   
    10    0   10  -  11    1   11   1168.5952   
    23    2   21  -  23    3   20   1168.8743   
    17    2   15  -  17    3   14   1169.1738   
    10    1   10  -  11    0   11   1169.9118   
    16    1   15  -  16    2   14   1171.2455   
    15    1   14  -  15    2   13   1171.5776   
    14    1   13  -  14    2   12   1171.8381   
    13    1   12  -  13    2   11   1172.0317   
    12    1   11  -  12    2   10   1172.1627   
     9    0    9  -   9    1    8   1173.4049   
     6    0    6  -   6    1    5   1174.4665   
     5    0    5  -   5    1    4   1174.7058   
    10    1    9  -  10    0   10   1180.8595   
    12    2   10  -  12    1   11   1181.4968   
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     11    2    9  -  11    1   10   1181.5174   
    14    2   12  -  14    1   13   1181.6126   
     9    2    7  -   9    1    8   1181.6771   
    15    2   13  -  15    1   14   1181.7580   
    12    1   11  -  12    0   12   1181.8423   
    16    2   14  -  16    1   15   1181.9686   
    17    2   15  -  17    1   16   1182.2465   
    18    2   16  -  18    1   17   1182.5936   
    19    2   17  -  19    1   18   1183.0105   
    22    3   19  -  22    2   20   1183.3093   
    21    3   18  -  21    2   19   1183.3402   
    23    3   20  -  23    2   21   1183.3487   
    20    3   17  -  20    2   18   1183.4344   
    24    3   21  -  24    2   22   1183.4620   
    19    3   16  -  19    2   17   1183.5840   
    25    3   22  -  25    2   23   1183.6531   
    11    0   11  -  10    1   10   1183.8383   
    27    3   24  -  27    2   25   1184.2776   
    16    3   13  -  16    2   14   1184.2776   
    12    0   12  -  11    1   11   1184.5823   
    10    1   10  -   9    0    9   1184.6516   
    13    0   13  -  12    1   12   1185.3058   
    14    0   14  -  13    1   13   1186.0071   
    13    1   13  -  12    0   12   1186.1785      
    10    3    8  -  10    2    9   1186.4335   
    14    3   12  -  14    2   13   1186.6904   
    15    0   15  -  14    1   14   1186.6904   
    14    1   14  -  13    0   13   1186.7055   
    23    4   19  -  23    3   20   1186.9161   
    15    1   15  -  14    0   14   1187.2422   
    16    0   16  -  15    1   15   1187.3571   
    20    3   18  -  20    2   19   1187.7876   
    16    1   16  -  15    0   15   1187.7876   
    17    0   17  -  16    1   16   1188.0068   
    18    0   18  -  17    1   17   1188.6428   
    20    1   19  -  19    2   18   1189.4120   
    19    1   19  -  18    0   18   1189.4639   
    19    4   16  -  19    3   17   1189.6188   
    15    4   12  -  15    3   13   1189.7638   
    13    4   10  -  13    3   11   1189.8685   
    11    4    7  -  11    3    8   1189.9101   
    20    1   20  -  19    0   19   1190.0299   
    21    0   21  -  20    1   20   1190.4839   
    22    0   22  -  21    1   21   1191.0797   
    23    0   23  -  22    1   22   1191.6686   
    23    1   22  -  22    2   21   1191.7331   
    23    1   23  -  22    0   22   1191.7331   
    24    0   24  -  23    1   23   1192.2512   
    21    2   20  -  20    1   19   1192.2902   
    24    1   24  -  23    0   23   1192.3001   
    25    0   25  -  24    1   24   1192.8279   
    25    1   25  -  24    0   24   1192.8645   
    18    5   14  -  18    4   15   1193.2914   
    26    1   26  -  25    0   25   1193.4254   
    24    2   23  -  23    1   22   1193.5568   
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     27    0   27  -  26    1   26   1193.9657   
    27    1   27  -  26    0   26   1193.9859   
    26    2   25  -  25    1   24   1194.4931   
    29    0   29  -  28    1   28   1195.0847   
    30    1   30  -  29    0   29   1195.6457   
    29    1   28  -  28    2   27   1195.6530   
 
 
                                                        
                                   
5.5 Improved Rovibrational Constants for the ν3 Band 
The present work provides improved spectroscopic constants for the ν3 band of 
HCOOD near 1770 cm-1. The ν3 band has been well investigated at high resolution using 
laser stark and FTIR spectroscopy (34). The present study provides improved 
rovibrational constants derived from the high resolution FTIR measurements and analysis 
of the ν3 band of HCOOD. 
 The measurements of L. Nemes et al. (34) yielded thirteen rovibrational constants 
for the v3 = 1 state, one coupling constant and four constants for the perturbing state that 
can reproduce the observed spectrum. However the measurements were limited to 600 P 
and R branch transitions with J < 25 and Ka < 13 in the region from 1753 to 1791 cm-1. 
The present measurements which cover numerous higher J transitions (up to 44) have 
been made over a wider range of 1741 to 1801 cm-1. The latest rovibrational constants for 
the ground state have been derived using combination differences and used in the 
rotational analysis. 
In the rotational analysis, ground state constants were fixed to determine the 
upper states. The ground state constants derived from the simultaneous fit of the 
microwave transitions (27) and the ground state combination differences of the ν5 band 
of HCOOD, represent the latest improved constants for the ground state. The present 
assigned infrared transitions were fit to obtain the upper state constants using Watson’s 
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 A-reduced Hamiltonian assuming Ir representation (20) with inclusion of c-type Coriolis 
resonance with the following matrix element: 
〈ν5+ν7 J, K±1Hν3, J, K〉 = ±ξc(1/2)[J(J+1) − K(K±1)]1/2       [5-3] 
 
In the analysis, certain constants which were not well determined by the data were fixed 
at the value for the ground state. A nonlinear least squares program was used in the fit. 
A total of 1184 a-type infrared transitions were assigned and fitted to obtain nine 
rovibrational constants for the v3 = 1, one coupling constant, and four constants for the 
perturbing state. The band centre for ν3 is found to be 1773.64489(15) cm-1. Close 
inspection of the calculated and observed spectrum shows that the b-type transitions were 
too weak to be observable. The transitions from the present work covered values of J″ 
ranging from 2 to 44 and values of Ka″ and Kc″ quantum numbers from 0 to 12 and from 
1 to 44, respectively. Perturbations were noted at Ka ≥ 10 and the stronger of these has 
been analysed in the fit. The rovibrational constants for the ground state, v3 = 1 state, the 
perturbing v5 + v7 state and the coupling constant ξc are all given in Table 5.6. For 
comparison, the constants from Ref. (34) were also included in Table 5.6. The results 
show close agreement between those derived from the present experiments and from Ref. 
(34). The present results give an accuracy of about 1 order of magnitude better than those 
from Ref. (34) for most of the constants. A check on the band centres given in Redington 
(23) shows that ν5 + ν7 should be the main perturbing band instead of ν6 + ν7, as stated in 
Ref. (34). Therefore in Table 5.6, the perturbing state for Ref. (34) is changed to v5 + v7. 
A total of 106 Q branch lines were included in the present fit. In contrast, no Q branch 
lines were used in the fitting of Ref. (34). 
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 Figure 5.12 shows a survey spectrum of the ν3 band. In this figure, the ν3 band of 
HCOOH could also be seen. This was attributed to the inevitable conversion of HCOOD 
into HCOOH. Since the HCOOH lines were known (30), and the lines from both species 
were well-spaced, the accuracy of the assignments were not affected. Some strong H2O 
absorption lines were also present in this region. Some of these lines were selected and 

















Table 5.6 Rovibrational and Coupling Constants (in cm-1) for the v3 = 1 and v5 + v7 =1  
States of HCOOD (A-Reduction, I r Representation) 
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                                                                                  v3 = 1 
  Ground Statea              Ref.(34)     This work  
                                                                         
A   2.204 843 2(17)b               2.196 123(10)                         2.196 103 8(45)                   
B               0.392 356 372(65)         0.391 040 32(100)                 0.391 039 32(80)                       
C             0.332 561 968(65)             0.331 412 0(10)                     0.331 415 28(66)                               
 
∆J ×106              0.338 990(117)                  0.344 2(14)                             0.341 95(37)                                      
∆JK ×105              -0.197 86(30)                  -0.183 9(28)                            -0.204 83(58)          
∆K ×104                0.324 6(48)                        0.317(49)                              0.314 94(36)       
δJ  ×107                0.717 79(98)                     0.742 2(83)                             0.726 8(27)         
δK ×105                 0.143 6(16)                        0.131(15)                              0.116 8(38)   
 
HJK  ×109                  0.0                                 0.247(32)                               [0.0]c 
HKJ  ×109               -0.234(35)                          0.90(26)                               [-0.234]   
HK ×107                 -0.251(69)                        0.534(63)                               [-0.251]      
hJ ×1012                  0.147(38)                          0.70(19)                               [0.147] 
ν0                                                            1773.644 5(1)                        1773.644 9(1)                    
 
        v5 + v7 =1   
Ref.(34)    This work 
A                           2.210 2(9)                             2.207 73(49) 
B              0.391 167(80)                     0.393 35(38) 
C               0.332 93(4)             0.330 16(44) 
ν0                                          1735.27(6)           1735.81(6) 
Coupling constant     Ref.(34)    This work 
ξc×101                  0.333 2(9)      0.326 66(5) 
Number of rotational transitions  87d            
Ref.(34)    This work 
Number of IR transitions         1454e                600                                         1184 
rms deviation (cm−1)                                                                                    0.001 31 
 
a) The ground state constants were derived from microwave transitions of Ref. (27) and 
ground state combination differences from our work on the relatively unperturbed v5 = 1 
state in the previous section. 
b) The uncertainty in the last digits (twice the estimated standard error) is given in 
     parenthesis. 
c) The values in square brackets were fixed to the ground state values. 
d) All rotational transitions were taken from Ref. (27). 
e) For the ground state the number of infrared transitions is actually the number of 









 CHAPTER 6 – ANALYSIS OF FTIR SPECTRA OF THE ν2, AND ν3 
 BANDS OF DCOOH 
6.1 Introduction 
The vibrational assignments of the nine fundamental bands of normal and 
isotopically substituted formic acid, including the D, 18O, 13C species have been 
reasonably well established from a isolated neon matrix analysis of a low-resolution IR 
study (23). However, studies were made solely on the normal formic acid HCOOH. It 
was Willemot et al. (27), who first reported the microwave measurements for the 
deuterated formic acid (DCOOH), in 1980. Investigations of the ν7 and ν9 states of 
DCOOH were also made by Willemot (33). Recently in 1996, the pure rotational spectra 
of DCOOH in the millimeter-wave region were measured and analyzed by Baskakov 
(35). Accurate ground state constants were further derived (35). However, high-
resolution infrared measurements were limited to the ν5 band of DCOOH (37). 
In this chapter, we report the results of a rotational analysis of the ν2, and ν3 
bands of DCOOH using the high-resolution FTIR technique.  
6.2 Experimental Details 
 The Fourier transform infrared absorption spectrum of the ν2 and ν3 bands of 
DCOOH in the region 2100-2300 cm-1 and 1670-1810 cm-1 was recorded with a Bomem 
DA3.002 Fourier transform spectrometer at the National University of Singapore. A 
liquid nitrogen cooled Hg-Cd-Te detector and a     KBr beamsplitter were used. The 
spectra were obtained at an unapodized resolution of 0.0024 cm-1 and at a sample 
pressure of about 4.33 Torr (for ν2), and 0.5 Torr (for ν3) with an absorption path length 
of 20 cm. The ambient temperature during the measurements was about 296 K. 
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  A total of six runs of 50 scans each with a total scanning time of about 28 hours 
were co-added to give an adequate signal-to-noise ratio. An effective linewidth (FWHM) 
of about 0.0047 cm-1 was obtained for the ν2 spectrum, including contributions from the 
Doppler broadening (0.0030 cm-1), from pressure broadening, and from the instrument 
line-width. That of the ν3 was about 0.0035 cm-1. Immediately after the recording of the 
spectrum of DCOOH, a spectrum of the evacuated cell which consisted of 200 scans at 
the resolution of 0.1 cm-1 was recorded and transformed at 0.004 cm-1 (i.e., with zero 
filling) in order to obtain a compatible background spectrum. A transmittance spectrum 
with relatively flat baseline was finally obtained from the ratio of the sample spectrum to 
the background spectrum. 
 The commercial sample obtained from Cambridge Isotope Laboratories 
(Massachusetts) consisted of a 95% by weight solution of DCOOH in H2O, with a 
DCOOH chemical purity better than 98%. The sample was used without further 
purification. Materials which were in direct contact with DCOOH vapour were corrosion-
resistant. The KBr windows used in the absorption cell were found to be relatively inert 
to the DCOOH vapour. Although DCOOH was found to be a stable compound, the 
DCOOH vapour was replaced with a fresh sample every run. 
 The spectrum of the ν2 band of DCOOH was calibrated using selected absorption 
lines of N2O (40) which were recorded immediately before the DCOOH lines were 
recorded. Corrections of about 0.00081 to 0.00083 cm-1 were required to bring the 
observed wavenumbers into agreement with the calibrated frequencies. The spectrum of 
the ν3 band was calibrated using the absorption lines of H2O in the region 1683-1808  cm-
1. The H2O calibration frequencies were taken from ref. (40). The absolute accuracy of 
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 the calibration is estimated to be ±0.0002 cm-1. However, the measured frequency values 
are estimated to be accurate to ±0.0004 cm-1 because of small systematic errors in the 
experiments. 
6.3 Analysis of the ν2 Band 
 The DCOOH molecule is a near-prolate slightly asymmetric top molecule with Cs 
symmetry. The ν2 mode is ascribed to the in-plane CD stretch (23). The ν2 fundamental is 
expected to be a hybrid band consisting of both a-type and b-type transitions, though one 
of the components might be much weaker than the other. The ν2 band is expected to be 
perturbed by 2ν5 (23). 
Figure 6.1 shows a survey plot of the entire spectrum of ν2. The absence of a 
prominent central Q branch like feature illustrates the appearance of a typical type B band 
of an asymmetric top. This leads us to expect that the a-type transitions must be weaker 
than the b-type transitions. All the assigned a- and b-type transitions are unresolved 
doublets. Asymmetry splittings occur only at very high J values and are not observed in 
our spectrum as they are too weak in intensity. 
 A preliminary survey of the spectrum showed regular features in the P and R 
branch regions. Assignments of the b-type transitions were therefore first attempted in 
these regions and later extended to the b-type Q branch transitions. Several strong 
transitions were noted with a spacing of about 0.7 cm-1 (which is B + C) between 









Kc′ = 0, 1 in the P and R branches. Transitions of Ka′ = 7 and 8 are observed to be of 
higher intensity and unperturbed by 2ν5. An interesting characteristic of this B type band 
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 is the observation of Q branch transition clusters with the same Ka′ values in both P and 
R branch regions. These clusters are separated by about 3.3 cm-1 for both P and R 
branches. Fig. 6.2 illustrates details of the P branch region for the ν2 band of DCOOH 
with assignments of Ka′ = 11 b-type Q branch transitions cluster and two P branch (Ka′ = 
7 and 8) b-type transitions. The Q branch transitions are actually doublets with two Kc′ 
values, as shown in Fig. 6.2. Fig. 6.3 shows details of the R branch region with 
assignments of Ka′ = 12 b-type Q branch transitions cluster and three R branch (Ka′ = 7, 8 
and 9) b-type transitions. A total of 808 b-type transitions in P, Q, and R branches were 
included in the final fit. 
The a-type P, Q, and R branch transitions were assigned last, after the band 
constants had been fairly well determined from the analysis of the b-type transition 
frequencies. The strongest series of purely a-type Q branch lines was due to transitions of 
the unresolved doublet from states given by J″ = n, Ka″ = n, and Kc″ = 0 or 1. Other series 
of transitions given by J″ = n, Ka″ = n-1, Kc″ = 1 or 2; J″ = n, Ka″ = n-2, Kc″ = 2 or 3; etc., 
were also measured. Fig. 6.4 shows a region near the band centre where the b-type 
transitions are so weak that only the a-type Q branch transitions are obvious. The a-type 
P and R transitions used in the fit involved upper state constants with quantum numbers 
J′ = 6-26, Ka′ = 6-9, and Kc′ = 0-18. A total of 216 uniquely a-type P, Q, and R branch 

































 During our analysis, we have found that the ν2 transitions are perturbed by 2ν5 
which is about 34 cm-1 from its band centre. The perturbations of 2ν5 affect particularly 
the Ka′ levels of 9-13 while the Ka′ transitions of 7 and 8 are relatively unperturbed. 
Therefore transitions of Ka′ values of 7 and 8 are used in the unperturbed fit in the 
analysis. Although in our experiments, the 2ν5 band was too weak to be observed, we 
have included a perturbed analysis of ν2 with 2ν5 in order to fit the perturbed lines. In the 
non-linear fit, a Watson’s A-reduced Hamiltonian in the Ir representation was applied 
(20), with the inclusion of c-axis Coriolis interaction term. In the fit each infrared 
transition (perturbed or unperturbed) was given an uncertainty of 0.0005 cm-1. Coupling 
between these two bands is attributed to the c-axis Coriolis resonance described by: 
〈2ν5, J, K±1Hν2, J, K〉 = ±ξc(1/2)[J(J+1) − K(K±1)]1/2       [6-1] 
 Table 6.1 shows the ground state, the rovibrational constants of ν2 for an 
unperturbed analysis (analysis which does not include the Coriolis interaction), as well as 
the results of a perturbed analysis (which includes the Coriolis interaction). As shown, 
the results of the perturbed analysis yielded quartic constants closer to that of the ground 
state constants and more lines could be fitted. In order to simulate the 2ν5 band constants 
for the fitting, we have fixed its three rotational and three quartic distortion constants to 
twice the difference of the v5 = 1 values (37), and the remaining constants to that of the 
ground state values from Ref. (35). Only the band centre of the v5 = 2 state was allowed 
to vary in the fit. From the perturbed analysis, all rotational and three quartic distortion 
constants for the v2 = 1 state are presented and the band centre was found at 2219.6896 ± 













 In our present analysis, we have fitted a total of 1024 a-and b-type transitions 
with a rms deviation of 0.00094 cm-1. Values of Ka′ range from 6-13 and that of J′ from 
6-34. Fig. 6.5 shows the deviations (observed – calculated wavenumber) from  perturbed 
analysis as a function of Ka′. The neutrality of the final fitting is shown by the 
approximate symmetric distribution of the deviation data about the zero line. As J′ 
increases from 9 to 36, the magnitude of deviations (O - C) increases approximately from 
0.002 cm-1 to 0.0082 cm-1 for Ka′ = 9. For Ka′ = 10 to 13, the deviations are even higher 
for J′ from 10 to 34. For example, for Ka′ = 13, the magnitude of deviation can be as high 
as 0.0454   cm-1. 
 To get the ratio of the b-type and a-type transition moments, |µb/µa|, it was 
necessary to compare the observed intensities of the purely a-type transitions to those of 
b-type transitions. This was done by comparing the absorption coefficients of the peaks 
of the absorption lines with the calculated line intensities. This technique is possible 
because all of the lines are believed to have the same shape, determined by the 
instrumental resolution and the Doppler lineshape. The measurements were all taken 
from the same FTS spectrum, thereby guaranteeing that the temperature, (∼296 K), and 
number of absorbing molecules is the same for all lines. 
 Since the lines all have the same shape, the integrated intensity of line i, Si ,  is 
given by 
    Si = s ln (I/Io)i ,        [6-2] 
where s is a proportionality constant that is the same for all lines, I is the intensity of 










 would be passed by an empty cell at the same frequency. The intensity of each line can 
be calculated from the equation 
 Si = C νi Fi2(Sia |µa|2 + Sib |µb|2)[exp(-Ei″/kT) − exp(-Ei′/kT)],      [6-3] 
where C is a constant that is the same for all lines and includes the pressure-pathlength of 
the sample, the partition functions, and 8π3/3hc, νi is the frequency of the line centre, Fi 
is the Herman-Wallis expression, Ei″ and Ei′ are the lower and upper state energies 
respectively for the transition, T is the temperature, k is the Boltzmann constant, and Sia 
and Sib are the line intensity factors along the a-axis and b-axis as given by the 
eigenvectors from the diagonalized asymmetric rotor energy matrix. To simplify the 
analysis, it was assumed that the Herman-Wallis effect was small enough to ignore, i.e., 
Fi = 1. For the a-type transitions, Sib is zero and the other constants can be evaluated, 
except for the expression, C|µa|2/s, which was estimated in order to make the average 
calculated peak intensity (ln(I/Io) = Si/s) agree with what was observed. C|µa|2/s was 
actually varied until the best possible resemblance between the calculated and observed 
line intensities was obtained. The same procedure was repeated for the b-type transitions 
to obtain C|µb|2/s. The agreement between the observed and calculated intensities for a-
type and b-type transitions is shown in Tables 6.2 and 6.3.  
 Since the partial pressure of DCOOH in the sample is not known, we cannot give 
a value for the dipole derivatives for ν2 but this relative intensity analysis shows that 
|µb/µa| = 1.42 ± 0.10. From the consistency of the observed and calculated intensity data 








Table 6.2 Comparison of observed and calculated intensities of a-type transitions 
             for |µb/µa| = 1.42 
 
    Transitiona        Observed       Obs.− Calc.                Line intensity ln(Io/I) 
          Wavenumber (cm-1)            Obs.         Calc.      Ratio (obs./calc.) 
 
   1411,4 -1411,3       2218.3559        0.00116           0.111        0.110             1.009 
   1211,2 -1211,1       2218.3927        0.00124           0.130        0.143             0.909  
   1111,1 -1111,0       2218.4091        0.00134           0.167        0.164             1.018  
   1410,5 -1410,4       2218.5520        0.00100           0.118        0.106             1.113 
   1310,4 -1310,3       2218.5714        0.00067           0.142        0.121             1.174 
   1210,3 -1210,2       2218.5896        0.00056           0.139        0.138             1.007 
   1110,2 -1110,1       2218.6067        0.00077           0.151        0.158             0.956 
   149,6  -149,5         2218.7314        0.00085           0.100        0.099             1.010 
   139,5  -139,4         2218.7509        0.00002           0.102        0.112             0.911 
   119,3  -119,2         2218.7867       -0.00049           0.151       0.147             1.027 
   109,2  -109,1         2218.8027       -0.00047           0.146       0.170             0.859 
   128,5  - 128,4        2218.9325       -0.00060           0.103       0.114             0.904 
   118,4  - 118,3        2218.9495       -0.00148           0.134       0.131             1.023 
   137,7  - 137,6        2219.0584       -0.00042           0.093       0.086             1.081 
   107,4  - 107,3        2219.1129       -0.00067           0.112       0.128             0.875 
     97,3  -  97,2         2219.1273       -0.00101           0.130       0.149             0.872 
     87,2  -  87,1         2219.1415       -0.00107           0.154       0.173             0.890 
     77,1  -  77,0         2219.1534       -0.00140           0.183       0.206             0.888 
     76,2  -  76,1         2219.2848        0.00155           0.163       0.163             1.000 
     66,1  -  66,0         2219.2951        0.00094           0.195       0.196             0.995 
 
a) All lines are really asymmetry doublets but only one component is identified in this table.              
 
Table 6.3 Comparison of observed and calculated intensities of b-type transitions 
             for |µb/µa| = 1.42 
 
    Transitiona        Observed       Obs.− Calc.                Line intensity ln(Io/I) 
          Wavenumber (cm-1)            Obs.         Calc.      Ratio (obs./calc.) 
 
   238,16 - 249,15      2174.6268        0.00082           0.098        0.090            1.089 
   228,15 - 239,14      2175.3861        0.00054           0.100        0.097            1.031 
   218,14 - 229,13      2176.1461        0.00090           0.110        0.103            1.068  
   208,13 - 219,12      2176.9053        0.00056           0.104        0.111 0.937  
   198,12 - 209,11      2177.6643        0.00029           0.121        0.118            1.025 
   188,11 - 199,10      2178.4228       -0.00007           0.128      0.126  1.015      
   168,9  - 179,8        2179.9383       -0.00052           0.130        0.139            0.935 
   158,8  - 169,7        2180.6950       -0.00067           0.140        0.146            0.959 
   148,7  - 159,6        2181.4507       -0.00091           0.149        0.153            0.974 
   128,5  - 139,4        2182.9591       -0.00128           0.161        0.167            0.964 
79  
    167,10 - 178,9       2183.1852        0.00017            0.135        0.145            0.931 
   118,4  - 129,3        2183.7116       -0.00143           0.203        0.173            1.173 
   147,8  - 158,7        2184.6955       -0.00021           0.151        0.159            0.950 
   137,7  - 148,6        2185.4500       -0.00004           0.160        0.165            0.970    
   127,6  - 138,5        2186.2031       -0.00040           0.161        0.172            0.936 
   117,5  - 128,4        2186.9553       -0.00066           0.189        0.177            1.068 
   107,4  - 118,3        2187.7063       -0.00100           0.170        0.183            0.930 
     97,3  - 108,2        2188.4562       -0.00121           0.195        0.189            1.032 
     87,2  -  98,1         2189.2051       -0.00111           0.180        0.195            0.923   
     77,1  -  88,0         2189.9522       -0.00141           0.202        0.201            1.005 
     87,2  -  76,1         2245.2418       -0.00134           0.226        0.231            0.978 
     97,3  -  86,2         2245.9633       -0.00105           0.224        0.227            0.987      
   107,4  -  96,3         2246.6826       -0.00120           0.213        0.223            0.955 
   117,5  - 106,4        2247.4003       -0.00108           0.243        0.218            1.115 
   127,6  - 116,5        2248.1162       -0.00073           0.218        0.213            1.023 
   137,7  - 126,6        2248.8298       -0.00052           0.232        0.208            1.115 
   147,8  - 136,7        2249.5416        0.00024           0.214         0.202            1.059 
   157,9  - 146,8        2250.2499        0.00004           0.189         0.195            0.969 
   118,4  - 107,3        2250.3564       -0.00086           0.250        0.223             1.121 
   167,10 - 156,9        2250.9558        0.00020           0.171        0.188             0.910 
   128,5   - 117,4        2251.0728       -0.00116           0.195        0.217            0.899  
   177,11  - 166,10      2251.6585        0.00016           0.172        0.180             0.956 
   138,6   - 127,5       2251.7879       -0.00090           0.205        0.211             0.972 
   187,12  - 176,11     2252.3579        0.00018            0.165        0.172            0.959 
   148,7     - 137,6       2252.5008       -0.00088           0.197        0.203             0.970    
   168,9   - 157,8       2253.9206       -0.00045           0.188        0.188             1.000 
   178,10 - 167,9           2254.6268       -0.00046           0.171        0.180             0.950 
   188,11 - 177,10     2255.3310         0.00005           0.166        0.172             0.965 
   198,12 - 187,11     2256.0324         0.00045           0.150        0.164             0.915 
   208,13 - 197,12     2256.7302         0.00014           0.149        0.154             0.968  
 
a) All lines are really asymmetry doublets but only one component is identified in this table. 
6.4 Analysis of the ν3 Band 
 The ν3 band is and in-plane C=O stretch (23), and is expected to be an A type 
band. This band was analysed to be A type. b-type transitions were not found in our 
spectrum, possibly because of the weak intensity of the ν3 band. In the region 1730-1790 
cm-1, another band, which belongs to 2ν8 (23) was also observed. Some strong absorption 
H2O lines were also present in this region. Fig. 6.6 shows a complete spectrum of the ν3 







  The initial assignments of the ν3 band were easy, as the cluster patterns could be 
identified at a cursory glance. We have identified transitions of the ν3 band of DCOOH 
up to J′ = 52 for the P branch and J′ = 47 for the R branch, with Ka values up to 11. 
Transitions with Ka ≥ 11 were mostly not observed. In our analysis, we found that the Ka 
= 6-11 levels were quite seriously perturbed. The observed deviations of some of these 
levels are plotted in Fig. 6.7. About 280 perturbed lines were identified and excluded 
from our fit. 
 
 Complicating the analysis of the ν3 band is its perturbation by the 2ν8 band (23), 
and also by ν5+ν7 and ν5+ν9. The perturbation by 2ν8 and ν5+ν7 is possibly through 
Fermi and c-type Coriolis resonances, and that with ν5+ν9 through a- and b-type Coriolis 
resonances. The 2ν8 band is relatively strong, as shown in Fig. 6.6. We have found the 
2ν8 band centre to be approximately at 1762.92 cm-1. However, we have not fitted the 
transitions of this band, as it was found to be highly perturbed even at low J values. This 
band could be highly coupled with the ν5+ν7 and the ν5+ν9 bands. Their band centres are 
approximately at 1760 cm-1, but neither of them were observed. One observation is made 
in Figures 6.6 and 6.8 for the 2ν8 Q branch. Apparently ‘2 Q branches are seen’ as shown 
in the enlarged Q branch region of Fig. 6.8. The approximate Ka cluster positions are 
illustrated. 
 
 In the least-squares analysis the measurements were weighted by the inverse 















 were given an uncertainty of 0.0008 cm-1, while the single resolved lines were given an 
uncertainty of 0.0004 cm-1. The ground state constants for DCOOH were derived from 
the combined analysis of 299 transitions, which include the known transitions in the 
ground state, the ν6 vibrational state, and optically pumped CO2 laser transitions in the 
millimeter-wave region. Watson’s A-reduced Hamiltonian in the I r representation (20) 
was used. A total of 713 transitions were assigned and fitted with a rms uncertainty of 
0.000439 cm-1. A set of all rotational, and all five quartic centrifugal distortion constants 
for the v3 = 1 was obtained as shown in Table 6.4. The ν3 band centre was found to be at 
1725.87497 ± 0.00003 cm-1. 
Table 6.4 Rovibrational constants (cm-1) for ν3 of DCOOH  
(A reduction, Ir representation) 
   Ground statea    v3 = 1 
A   1.92497289(7)   1.9128916(26) 
B    0.402144301(17)   0.39929737(53) 
C   0.332083472(17)   0.331798610(182) 
∆J ×106      0.314898(27)    0.35267(52) 
∆JK ×105    -0.132013(17)    -0.0588(57) 
∆K ×104     0.252744(18)    0.23663(29) 
δJ  ×107      0.742917(113)   0.8101(27) 
δK ×105      0.12513(7)    0.30006(174) 
HJ × 1012  0.3536(100)    [0.3536]b 
HJK × 1011  0.817(67)    [0.817] 
HKJ  ×109   -0.1550(24)    [-0.1550] 
HK ×108     0.1107(10)    [0.1107] 
hJ ×1012  0.235(5)    [0.235] 
hK ×109     0.321(19)    [0.321] 
 
ν0              __     1725.874974(34) 
 
Number of rotational transitions 299 
Number of IR transitions 713 
Rms deviation (cm-1) 0.000439 
 
a The ground state constants were taken from (35). 





CHAPTER 7 – FTIR SPECTRA OF THE ν4, AND ν1 
BANDS OF DCOOD 
7.1 Introduction 
 Willemot et al. (26) have reported the only microwave measurements for 
deuterated formic acid (DCOOD). In 1999, Baskakov et al. (36) reported the results of 
the Coriolis-coupled v7 = 1 and v9 = 1 state of DCOOD. In this chapter, we report the 
results of the analysis of the ν4 and ν1 bands of DCOOD. From the assignments of 111 
microwave transitions (26) and 969 combination differences   we have improved the 
values for the rotational, all five quartic and two sextic centrifugal distortion constants of 
the ground state. By fitting 1866 assigned transitions for the ν4 band, the constants of the 
v4 = 1 state were determined for the first time. The rotational and all five quartic and two 
sextic centrifugal distortion constants were sufficient to give an accurate fit of the whole 
band. In the analysis of its rotational structure, the rms deviation of the transitions is 
0.00036 cm-1, which is close to the estimated absolute accuracy (0.0003 cm-1) of the 
measured line. Therefore, the ν4 band is found to be free of significant frequency 
perturbations. In this chapter we also report for the first time the results of a rotational 
analysis of the ν1 band of DCOOD situated in the region of 2632 cm-1. By fitting a  total 
of 292 assigned b-type transitions for this weak band, the rotational and four quartic 
centrifugal distortion constants of the v1  = 1 state were determined.  
7.2 Experimental Details 
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  Samples of deuterated formic acid (DCOOD) used in these measurements was 
purchased from Cambridge Isotope Laboratories (Massachussetts, USA). The sample 
consisted of a 95% by weight solution of DCOOD in D2O, with a DCOOD chemical 
purity better than 98%. Unless new sample vapor was needed for measurements, the 
sample was stored as a liquid at room temperature. Materials which were in contact with 
the DCOOD vapor were corrosion resistant.  
 The spectrum showed rather strong absorption features due to DCOOH 
impurities. They were present as a result of DCOOD exchanging with water to give 
DCOOH. The decay of DCOOD occurred in the gas cell in spite of regular flushing of 
DCOOD through the cell before each run. The H2O that was adsorbed on the cell walls 
and windows slowly, but unavoidably, exchanged hydrogen for deuterium in the 
DCOOD over the entire period of the measurements. Due to the slow loss of DCOOD 
during scanning, the DCOOD vapor was replaced approximately every 4 hr. 
 For these measurements we used a single pass absorption cell which had a 20 cm 
absorption path length. To avoid possible photodissociation in DCOOD, the cell was 
covered with aluminium foil to shield it from ambient light. The vapor pressure in the 
cell was measured and adjusted to 0.53 Torr for the ν4 band and the cell was sealed for 
the spectral measurements. A much larger sample pressure of about 4.67 Torr was used 
to collect the weaker ν1 band. The pressure measurements were made with a capacitance 
gauge. All measurements were made at the ambient temperature of about 296 K. The 
spectra have been measured with a resolution of 0.004 cm-1. A low-pass band filter (0-
1500 cm-1) was used to reduce background noise level for the ν4 band. 
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  The final spectrum was produced by coadding six runs of 50 scans each with the 
total scanning time of about 28 hr. All spectra collected were unapodized. The observed 
linewidth (FWHM) in the spectrum was about 0.003 cm-1 for the ν4 spectrum. 
 A spectrum of the evacuated cell, consisting of 200 scans at a resolution 0.1 cm-1, 
was then measured and transformed at 0.004 cm-1 with zero-filling in order to obtain a 
background spectrum. This spectrum when ratioed with the sample spectrum gave a 
transmittance spectrum with an essentially flat baseline. 
 The spectrum of the ν4 band was calibrated using the absorption lines in the range 
1135 – 1215 cm-1 of the ν2 band of N2O, which was recorded immediately before the 
scanning of the spectra of DCOOD. The N2O calibration frequencies with absolute 
accuracy of about 0.0001 cm-1 were taken from Guelachvili and Rao (40). Linear 
corrections of about 0.00064 to 0.00068 cm-1 were required to bring the observed 
wavenumbers into agreement with the calibrated frequencies. All the observed lines are 
calibrated simultaneously. From the line fitting involving 78 frequency values the relative 
precision of the wavenumbers obtained was on the order of 0.0002 cm-1. It seems 
reasonable to estimate the absolute accuracy of the measured lines to be approximately ± 
0.0004 cm-1 given the possibility of small systematic errors. 
 The spectrum of the ν1 band of DCOOD was calibrated using selected absorption 
lines of N2O (40) which were recorded immediately before the DCOOD lines were 
recorded. Corrections of about 0.00213 to 0.00216 cm-1 were required to bring the 




 7.3 The ν4 Band 
 Deuterated formic acid (DCOOD) has Cs symmetry and is a near-prolate slightly 
asymmetric top molecule (k = −0.892) with seven in-plane and two out-of-plane 
vibrations. The ν4 band is an in-plane CO stretch (23) and therefore should be a hybrid 
A and B type band. The band has been analyzed to be primarily A-type. From the present 
rotational analysis of the whole band, b-type transitions were not found and, therefore, 
they were not included in the fit. This is possibly due to the very weak intensity of the b-
type transitions. A survey spectrum, shown in Fig.7.1, shows the presence of a prominent 
strong central Q branch at about 1170 cm-1, which is typically an A-type band. In our 
spectrum, the ν5 band of DCOOH was also present as shown by its Q branch at 1143 cm-
1. This band was analyzed earlier (37). However, interference from DCOOH lines were 
minor since the line positions of DCOOH are known (37). 
 In the initial assignment of the A-type ν4 band, several strong transitions were 
immediately noted with a spacing of about 0.7 cm-1 (which is B + C). The strongest of 
these was attributed to the resolved J″ = Kc″ and Ka″ = 0 or 1 in the P and R branches. 
For higher Ka values, the intensity of the transitions decreases. Fig. 7.2 shows the J″ = 
Kc″ = 10 cluster in the R branch. It overlaps with J″ = Kc″ = 11, Ka″ = 0, 1 transitions. 
 From Fig. 7.2, asymmetry splittings up to Ka = 4 were observed, while the 
transitions of Ka = 5, 6, and 7 were not split and became unresolved doublets. As the J″ 
value increases for each cluster the asymmetry splitting occurs for even higher Ka″ 
values. The rotational structure is similar to that of the ν5 band of DCOOH which has 

















  The assignments were initially made for the transitions with low J values. Those 
low J transitions were fit to get preliminary constants that were used to predict the higher 
J transitions. These transitions were then assigned and the process repeated to extend the 
assignments to even higher quantum numbers. This bootstrap procedure allowed us to 
assign all the transitions with confidence and to remove any wrong assignments in the 
process. 
 Assignments of the Q branch lines could only be made after the P branch and R 
branch transitions had been assigned and fit. Band constants obtained from the fitting of 
the R branch and P branch lines were used to calculate the Q branch transitions with a 
high degree of accuracy. A total of 263 Q branch transitions were used in the fit. The 
strongest lines were all doublets with two possible values of Kc′. There were enough 
fairly isolated lines in the largely overlapped Q branch to ensure the accuracy of the 
present assignments. 
 The assigned transitions were fitted using the same nonlinear least-squares 
program that was used for DCOOH (37). That program for fitting asymmetric rotor 
spectra uses a Watson Hamiltonian (20) with an Ir representation in an A-reduction. 
 The initial ground state constants were determined in a separate fit of the 
microwave measurements given by Willemot et al. (26). These ground state constants 
were derived from 111 microwave transitions. In this work, we add combination- 
differences from the infrared measurements as they were assigned. The improved ground 
state constants were then fixed in the fitting program to fit the upper state constants. As 
more newly assigned infrared transitions were gradually included in the fitting procedure 
to expand the set of data, the ground state constants were systematically refined. 
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  In the least squares analysis the measurements were weighted by the inverse 
square of the estimated uncertainty. The unresolved doublets of the infrared transitions 
were given an uncertainty of 0.0008 cm-1 while the single resolved lines were given 
0.0004 cm-1. The uncertainty values are estimated to be about 1 SD of the fitting result. 
For the microwave transitions (26) an uncertainty approximately equal to their rms 
deviation (0.000001 cm-1) was used. For combination-differences, the uncertainties 
would be larger by √2. 
 The best possible ground state constants were needed because they would be used 
as fixed values for the analyses of the ν4 band and other fundamental bands of DCOOD. 
A total of 969 combination-differences from the ν4 band of DCOOD was eventually used 
in the final refinement. By using combination-differences to fit the ground state constants 
separately from the upper state constants, any perturbations (known or unknown) of the 
upper states will not affect the ground state constants. 
 The ground state constants derived from the microwave (MW) transitions and 
combination-differences of infrared (IR) frequencies are used in this work and are given 
in Table 7.1. The rms deviation of the fit was not significantly improved by the addition 
of more sextic constants other than HKJ and hJ. 
 A total of 1866 infrared transitions was used in the determination of the upper 
state constants. The upper state constants are given in Table 7.1. The fitting program, 
though written in terms of prolate matrix elements, presented no difficulty in rapidly 
converging to the correct solution after several iterations.  The rms deviation of the fit 
with all weighted lines was about 0.00036 cm-1.  The transitions include values of J 
ranging from 0 to 54, Ka from 0 to 16, and Kc from 0 to 54. In the fit, the lower state 
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 constants were fixed at the ground state constants obtained from the present combination-
difference fit (MW, IR) given in Table 7.1. The band centre for ν4 of DCOOD was found 
to be 1170.799799 ± 0.000020 cm-1.  
 In preliminary fits of the full set of assigned transitions we tried to fit the two 
sextic constants of ν4, however the rms deviation of the fit was not improved. Hence, we 
have fixed the two sextic constants to the ground state values.  
Table 7.1 Rovibrational constants (cm-1) for the ground state and ν4 of DCOOD 
                                         (A-Reduction, Ir representation). 
 
                                  
                                          Ground state 
                             Ref. 26                Present work(MW, IR)      v4 = 1 
                                                                                                 
A                 1.695 057 49(30)           1.695 057 70(43)              1.701 509 79(50)      
B           0.392 267 67(67)           0.392 267 682(50)            0.390 327 197(121) 
C        0.318  025 712(67)         0.318 025 679(45)            0.316 173 425(82)      
 
∆J ×106        0.321 56(67)                  0.321 205(98)                   0.315 946(47) 
∆JK ×105     -0.113 41(33)                -0.110 78(31)                    -0.121 508(46) 
∆K ×104       0.165 78(67)                  0.165 31(51)                     0.173 335(21) 
δJ  ×107        0.807 23(33)                 0.808 40(48)                      0.789 93(29) 
δK ×105        0.117 31(23)                 0.116 78(28)                      0.120 44(17)  
                                                         
HKJ  ×109     0.33(23)                        -0.100(21)                          [-0.100]a     
hJ ×1012       0.233(33)                       0.276(14)                           [0.276] 
 
ν0                                                                                           1170.799 799(20)             
 
Number of rotational transitions          111b                                      
 
Number of IR transitions                     969c                                  186 6 
 




a) The values in square brackets were fixed to the ground state values. 
 b)   All rotational transitions were taken from Ref. 26. 
c) For the ground state the number of infrared transitions is actually the  
number of combination differences used in the fit. 
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7.4 The Weak ν1 Band 
 
 The ν1 mode is ascribed to the in-plane OD stretch (23). The ν1 fundamental is 
expected to be a hybrid band consisting of both a-type and b-type transitions, though one 
of the components might be much weaker than the other. 
 Figure 7.3 shows a survey plot of the entire spectrum of the ν1 band of DCOOD. 
As shown, the band intensity of ν1 is very weak. The absence of a prominent central Q 
branch like feature illustrates the appearance of a typical type B band of an asymmetric 
top. This leads us to expect that the a-type transitions must be weaker than the b-type 
transitions. In fact, a-type transitions were not observed at all in our spectrum and only b-
type transitions were assigned and fitted. All the assigned b-type transitions are 
unresolved doublets. Asymmetry splittings for the higher Ka′ values  occur only at high J 
values and are not observed in our spectrum as they are too weak in intensity. 
Asymmetry splittings which are larger for lower Ka′ values occur at lower J values, 
however their intensities were also weak and close to the noise level. Therefore 
transitions of some Ka′ values which are strong enough, are included in the fit. A 
preliminary survey of the spectrum showed regular features in the P and R branch 
regions. Assignments of the b-type transitions were therefore first attempted in these 
regions and later extended to the Q branch transitions. Several strong transitions were 
noted with a spacing of about 0.7 cm-1 (which is B + C) between successive J′ . The 
strongest of these was attributed to unresolved doublets J′ = Ka′ and Kc′ = 0, 1 in the P 





 7.4 illustrates a region of the R branch of the ν1 band. In our fit, we have included 
transitions of Ka′ ranging from 5-10 with the highest J value up to J′ = 21 for both P and 
R branches. An interesting feature of this B type band is the observation of Q branch 
transition clusters with the same Ka′ values in both P and R branch regions. An 
illustration of this phenomenon is shown in Fig. 7.5 for the Ka′ = 8 Q branch transitions.  
 In our analysis, we find that the ν1 band is slightly perturbed. The perturbation 
affects the Ka′ = 11, 12 levels. In our spectrum these levels are of very weak intensity. 20 
perturbed transitions were identified and excluded in our fit in order to obtain more 
accurate decoupled constants. These perturbations could be attributed to interactions with 
ν3 + ν6 (∼2670 cm-1) through fermi and c-type Coriolis resonance, or with ν2 + ν9 (∼2723 
cm-1) through a-type and b-type Coriolis resonance. As both these combination bands 
were not observed, it would be highly inaccurate to include a perturbed analysis. 
 The assigned transitions were fitted using the nonlinear least-squares program. 
That program for fitting asymmetric rotor uses a Watson Hamiltonian (20) with an Ir 
representation in an A-reduction. In the least squares fit, each infrared transition was 
given an uncertainty of 0.0005 cm-1. 
 The ground state constants used in this work were derived from 111 microwave 
transitions (27), 969 combination-differences from the ν4 band of DCOOD, and 260 
combination-differences from the current ν1 assignments. The ground state constants 
were then fixed to determine the upper state constants. A total of 292 unperturbed IR 
transitions were fitted with a rms deviation of 0.00078 cm-1 to obtain a set of three 
















 the sextic constants HKJ and hJ were fixed to their respective ground state values since 
their inclusion did not improve the rms deviation of the fit. The unperturbed band centre 
for ν1 was found to be 2631.87363 ± 0.00043 cm-1. The ground state and the constants for 
the v1 = 1 state are shown in Table 7.2.  
Table 7.2 Rovibrational constants (cm-1) for the v1 = 1 state of DCOOD. 
                                 (A-Reduction, Ir representation) 
                                
                                    Ground state 
                                           (MW, IR)                                        v1 = 1 
                                                                                                 
A                                   1.695 057 42(48)                          1.685 725 4(129)      
B                            0.392 267 713(57)                         0.393 509(116) 
C                          0.318 025 701(52)                         0.317 266(133)      
 
∆J ×106                           0.321 170(113)                              0.511 5(169) 
∆JK ×105                         -0.110 21(26)                                 -0.091(80) 
∆K ×104                          0.164 248(117)                              0.123 78(115) 
δJ  ×107                            0.809 22(38)                                   -5.05(89) 
δK ×105                            0.116 32(19)                                  [0.116 32]a  
                         
HKJ  ×1010                          -0.81(22)                                        [-0.81]    
hJ ×1012                              0.293(13)                                       [0.293] 
 
ν0                                                                                  2631.873 79(43)             
 
Number of rotational transitions    111b                                      
 
Number of IR transitions               1229c                                    292 
 
rms deviation (cm-1)                     0.000 48                             0.000 78 
 
a) The values in square brackets were fixed to the ground state values. 
 b)   All rotational transitions were taken from Ref. (27). 
c)   For the ground state the number of infrared transitions is actually the  








 CHAPTER 8 – ANALYSIS OF THE  HIGH-RESOLUTION FTIR 
SPECTRUM OF THE ν6 BAND OF H13COOH 
8.1 Introduction 
 The normal form of formic acid (HCOOH) has been studied quite intensively in 
recent years (23, 27-33), due to the discovery of its significant presence in interstellar 
space. However until now, no high resolution IR measurements have been reported for its 
isotopic variant H13COOH. In 1977 Redington (23) assigned the vibrational bands of 
H13COOH from low resolution infrared spectra and in 1980, Willemot et al. studied this 
molecule using microwave techniques. Ground state constants for H13COOH were 
derived. 
 In this work, we report the results of the analysis of the ν6 band of H13COOH, 
taking into account its interactions with the ν8 band situated about 74 cm-1 lower. The 
rotational and centrifugal distortion constants of the ground state available in (27) were 
utilized in our fit. The ν6 band was found to be perturbed by the ν8 band for transitions 
with Ka = 7 - 13. About 800 perturbed transitions were identified and included in our fit 
to obtain an accurate set of rotational, all five quartic centrifugal distortion and three 
sextic distortion constants for the v6 = 1 state. 
8.2 Experimental Details 
 The sample of H13COOH was purchased from Cambridge Isotope Laboratories 
(Massachussetts). It consisted of a 95% by weight solution of H13COOH in H2O, with a 
H13COOH chemical purity of better than 98%. It was used in our experiments without 
further purification. During the process of recording the spectra, the H13COOH vapour 
was shielded from ambient light to prevent photo-decomposition. The ambient 
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 temperature was 296 K. Corrosion-resistant apparatus such as Pyrex glass, Viton O-rings, 
teflon, and perfluorinated grease were used. The single-pass absorption cell, 20 cm in 
length, was used. 
 The spectra were obtained with a Bomem DA3.002 Fourier transform 
interferometric spectrometer at the National University of Singapore with an unapodized 
resolution of 0.0024 cm-1. The vapour pressure, determined by a capacitance pressure 
gauge was adjusted to a value of 0.4 Torr to obtain a strong spectrum for a detailed 
analysis. A high-sensitivity liquid-nitrogen-cooled Hg-Cd-Te detector together with a 
globar infrared source were used. Five runs of 50 scans were co-added to obtain the final 
sample spectrum, with a total scanning time of 24 hr. 
 The ν6 band was calibrated using the absorption lines of NH3 in the range 1027 – 
1159 cm-1. The NH3 calibration frequencies were taken from Guelachvili and Rao (40). 
Corrections of about 0.00064 to 0.00072 cm-1 were needed to bring the observed 
wavenumbers into agreement with the calibrated frequencies. 
8.3 Analysis 
 H13COOH has Cs symmetry and is a near-prolate slightly asymmetric top with 7 
in-plane and 2 out-of-plane vibrations. The ν6 band is an in-plane CO-COH deformation 
(23). It is found to be an A-B hybrid band, but the a-type transitions are much stronger in 
intensity than the b-type transitions. 
 We have fitted a-type transitions with Ka up to 13. Transitions with Ka ≥ 14 were 
found to be too close to the noise level in our spectrum. In addition, 1029 b-type 
transitions were found and used in our fit, with transitions up to Ka′ = 9 reached. 
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  A high resolution spectrum of the ν6 band as shown in Fig. 8.1 shows a strong 
central Q branch with equally prominent P and R branches, which is characteristic of an 
A-type band. Initial assignments were easily made as the cluster patterns were very 
obvious for low J values.  
 The ν8 band (A″ symmetry) and the ν6 band (A′ symmetry) interact through the a- 
and b-Coriolis resonances. Significant perturbations were observed for the Ka = 7 - 13 
levels. Deviations of the perturbed a-type transitions of these levels are plotted against J 
in Figs. 8.2a and 8.2b. 
 Due to the large number of perturbed lines, an accurate simulation of the ν6 band 
therefore should include the Coriolis coupling terms. Watson’s A-reduced Hamiltonian 
(20) in the Ir representation was applied, with inclusion of a-, and b-axis Coriolis 
coupling terms. In the non-linear least-squares fit, each infrared transition was given an 
uncertainty of 0.0005 cm-1. 
 A total of 3004 infrared transitions inclusive of 800 perturbed transitions were 
finally assigned and fitted. The a-, and b-Coriolis couplings between ν8 and ν6 were 
described with the following elements: 
〈ν8, J, K Hν6, J, K〉 = iξa K          [8-1] 
〈ν8, J, K±1Hν6, J, K〉 = iξb(1/2)[J(J+1) − K(K±1)]1/2       [8-2] 
The obtained spectroscopic constants with their statistical errors are shown in Table 8.1. 
A set of rotational, all five quartic centrifugal distortion constants and three sextic 
distortion constants for the v6 = 1 state were determined. The band centre for ν6 was 























 transitions was achieved. Fig. 8.3 shows the deviation of the perturbed lines after the 
final fit.  
 Our attempts to collect the ν8 spectrum were unsuccessful even at very high vapor 
pressures. This could be due to the weak intensity of the ν8 band. However, it was found 
that an optimum fit of ν6 could be acquired if the rotational constants A and B, and the 
band origin of ν8 were allowed to float. Other indeterminable parameters were fixed at  
the ground state values. The band centre of ν8 was determined at 1021.539 ± 0.068 cm-1. 
































Table 8.1 Rovibrational and coupling constants (in cm-1) for ν6 and ν8 of H13COOH  
                                         (A-Reduction, Ir representation). 
 
           Ground Statea                    v6 = 1                            v8 = 1    
              
A                  2.521 104 2(23)             2.522 449(72)                2.486 16(63)    
B           0.402 063 69(11) 0.400 127 96(74)            0.400 549(50)     
C         0.346 206 13(11)           0.343 969 41(18)            [0.346 206 13] 
 
∆J ×106          0.306 95(57)                  0.337 91(17)                   [0.306 95] 
∆JK ×105       -0.282 86(18)                -0.290 69(60)                   [-0.282 86] 
∆K ×104          0.552 0(43)                   0.549 53(92)                    [0.552 0] 
δJ  ×107          0.659 92(43)                 0.682 30(37)                    [0.659 92] 
δK ×105          0.141 06(87)                 0.159 31(66)                    [0.141 06] 
 
HJ ×1012        [0.309 5]b                        0.538(53)                        [0.309 5] 
HKJ  ×109      [-0.342 2]                       -0.853(20)                       [-0.342 2] 
HK ×108         [0.398 6]                         0.246(12)                       [0.398 6]                
hJ ×1012         [0.201 3]                         [0.201 3]                        [0.201 3] 
hK ×109          [0.419]                            [0.419]                           [0.419]  
 
ν0                                              1 095.403 646(30)             1 021.539(68)                             
 
Coupling Constant                                                    
ξa                                                                            0.855 6(33) 
ξb                                                                            0.010 9(23) 
 
Number of rotational transitions     111                                      
 
Number of IR transitions                      3 004 
 
rms deviation (cm-1)                           0.000 47 
 
 
a) The ground state constants were taken from Ref. (26).  
b) The sextic centrifugal distortion constants in square brackets were fixed to the  











 CHAPTER 9 – THE  HIGH-RESOLUTION FTIR SPECTRA OF THE ν12,  
ν11, AND ν9 BANDS OF ETHYLENE-d4 (C2D4) 
9.1 The ν12 Band – Introduction 
 Ethylene plays and important role in structural chemistry as well as in other fields 
of chemistry; its C=C bond length has been chosen as a standard in the discussion of 
molecular structure (43). The infrared spectrum of some fundamental and combination 
bands of gaseous ethylene-d4 ( C2D4 )  has been studied at a resolution up to 0.02 cm-1 by 
Duncan and co-workers since 1981 (44-48). The Raman spectrum of ν3 and ν6 bands has 
been further investigated by Mompean et al. (49).  In particular, the ν12 fundamental of 
ethylene-d4 was measured (45) at a resolution of 0.05 cm-1 and analyzed to obtain the 
three rotational constants and one quartic centrifugal distortion constant. In another 
infrared measurement at 0.02 cm-1 resolution by Mose et al. (50), the rovibrational 
constants of the upper state v12 = 1 and those of the ground state were further improved. 
So far, infrared measurements of ν12 of resolution better than 0.02 cm-1  have not been 
reported for ethylene-d4.   
 A systematic study of the high resolution infrared spectrum of some of the bands 
of ethylene-d4 will be useful for a more accurate understanding of the structure of the 
molecule. In this work we report the results of the analysis of the ν12 band which was 
measured with a resolution of 0.004 cm-1. From 821 combination differences of the 
infrared transitions, we have improved the values for the rotational, and all five quartic 
centrifugal distortion constants of the ground state. By fitting 1340 assigned transitions 
for the ν12 band, the constants of the v12 = 1 state were further improved. 
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  All the rotational and  quartic centrifugal distortion constants were sufficient to 
give an accurate fit of the whole band. In the analysis of its rotational structure, the rms 
deviation of the transitions is found to be 0.00042 cm-1 which is an order of magnitude 
more accurate than the reported work (50).  Since the rms deviation is close to the 
estimated absolute accuracy (0.0004 cm-1) of the measured line, the ν12 band appears to 
free of significant frequency perturbations. 
9.2 Experiment Details of ν12 
 Samples of ethylene-d4 (C2D4) used in these measurements was purchased from 
Cambridge Isotope Laboratories (Massachussetts, USA). The sample of gaseous C2D4 
has a chemical purity better than 98%. Pyrex glass, stainless steel, Viton O-rings, CaF2 
infrared windows, and perfluorinated grease were used.   
 For these measurements we used a single pass absorption cell which had a 20 cm 
absorption path length. The vapor pressure in the cell was measured and adjusted to 
about 5 Torr and the cell was sealed for the spectral measurements. The pressure 
measurements were made with a capacitance gauge. All measurements were made at the 
ambient temperature of about 296 K. 
 The spectra were obtained with a Bomem DA3.002 Fourier transform 
spectrophotometer at the National University of Singapore. A KBr beam splitter, a globar 
infrared source, and a high sensitivity liquid nitrogen cooled Hg-Cd-Te detector were 
used. A low-pass band filter (0-1500 cm-1) was used to reduce background noise level. 
 The final spectrum was produced by coadding three runs of 50 scans each with 
the total scanning time of about 14 hr. All spectra collected were unapodized. The 
observed linewidth (FWHM) in the spectrum was about 0.0036 cm-1. 
111  
  A spectrum of the evacuated cell, consisting of 200 scans at a resolution 0.1 cm-1, 
was then measured and transformed at 0.004 cm-1 with zero-filling in order to obtain a 
background spectrum. This spectrum when ratioed with the sample spectrum gave a 
transmittance spectrum with an essentially flat baseline. 
 The spectrum of the ν12 band was calibrated using the absorption lines in the 
range 1027 – 1150 cm-1 of NH3, which was recorded immediately before the scanning of 
the spectra of C2D4. The NH3 calibration frequencies were taken from Guelachvili and 
Rao (40). 
 Corrections of about 0.00065 to 0.00071 cm-1 were required to bring the observed 
wavenumbers into agreement with the calibrated frequencies. From the line fitting 
involving 31 frequency values the relative precision of the wavenumbers obtained was in 
the order of 0.0002 cm-1. It seems reasonable to estimate the absolute accuracy of the 
measured lines to be approximately ±0.0004 cm-1 given the possibility of small 
systematic errors. 
9.3 The ν12 Band- Results and Analysis 
 Ethylene-d4 (C2D4) is an asymmetric top molecule (k = −0.818) with twelve 
fundamental modes of vibrations. The ν12 band which is infrared active has B3u symmetry 
(47, using the standards before the IUPAP was recommended). The band has been 
analyzed to be primarily A-type. A survey spectrum, shown in Fig. 9.1, shows the 
presence of a prominent strong central Q branch at about 1077 cm-1, which is typically an 
A-type band. Fig. 9.2 shows a region of the Q branch region where the absorption lines 



















  In the initial assignment of the A-type ν12 band, several strong transitions were 
immediately noted with a spacing of about 1.3 cm-1 (which is B + C) in the P and R 
branches. The strongest of these was attributed to the resolved J = Kc and Ka = 0 or 1 in 
the P and R branches. For higher Ka values, the intensity of the transitions decreases. Fig. 
9.3 illustrates a region in the P branch for some transitions of J’ = 7,8, and 9. 
 From Fig. 9.3, asymmetry splittings  were observed  for Ka ≤ 4 in the J’ = 7 and 8 
clusters,  while the transitions of Ka = 5, 6, 7, 8 and 9 were not split and were unresolved 
doublets. As the J value increases  the asymmetry splitting occurs for even higher Ka 
values. Fig. 9.4 illustrates the J’ = 14-17 region in the R branch where Ka values up to 11 
are shown. The figure also shows that splitting starts to occur for the J’ = 15,  Ka = 6 
transition.  
Assignment of the transitions was relatively easy by using accurate ground state 
combination differences which are calculated from the available ground state rotational 
constants (45,50). The assignments were initially made for the transitions with low J 
values. Those low J transitions were fit to get preliminary constants that were used to 
predict the higher J transitions. These transitions were then assigned and the process 
repeated to extend the assignments to even higher quantum numbers. This bootstrap 
procedure allowed us to assign all the transitions with confidence and to remove any 
wrong assignments in the process. 
 Assignments of the Q branch lines could only be confidently made after the P 
branch and R branch transitions had been assigned and fit. Band constants obtained from 
the fitting of the R branch and P branch lines were used to calculate the Q branch 
















 transitions were used in the fit. The strongest lines were all doublets with two possible 
values of Kc. There were enough fairly isolated lines in the strong Q branch to ensure the 
accuracy of the present assignments. Fig. 9.2 shows the assignments of the Q branch 
transitions belonging to the Ka  = 6, 7, and 8 clusters.  
 The assigned transitions were fitted using the same nonlinear least-squares 
program. That program for fitting asymmetric rotor spectra uses a Watson Hamiltonian 
(20) with an Ir representation in an A-reduction. 
 The initial ground state constants were taken from Mose et al. (50). In this work, 
we add combination- differences from the infrared measurements as they were assigned. 
The improved ground state constants were then fixed in the fitting program to fit the 
upper state (v12 = 1) constants. As more newly assigned infrared transitions were 
gradually included in the fitting procedure to expand the set of data, the ground state 
constants were systematically refined. In the least squares analysis the measurements 
were weighted by the inverse square of the estimated uncertainty. The infrared transitions 
were given an uncertainty of 0.0004 cm-1 which is the absolute accuracy of the measured 
line. 
 The best possible ground state constants were needed because they would be used 
as fixed values for the analyses of the ν12 band and other fundamental bands of C2D4. A 
total of 821 combination-differences from the present infrared transitions of  the ν12 band 
of C2D4 was eventually used in the final refinement. By using combination-differences to 
fit the ground state constants separately from the upper state constants, any perturbations 
(known or unknown) of the upper states will not affect the ground state constants. 
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  The ground state constants from Ref. (50) and those derived from this work are 
presented in Table 9.1. We have also fitted the v12 = 1 constants using both sets of ground 
state constants, given in Table 9.1.  Inclusion of more sextic constants did not improve 
the accuracy of the fit and are thus fixed at zero. A total of 1340 infrared transitions was 
used in the determination of the upper state constants. The fitting program, though 
written in terms of prolate matrix elements, presented no difficulty in rapidly converging 
to the correct solution after several iterations. The rms deviation of the fit with all 
weighted lines was 0.00042 cm-1. The transitions include values of Ka ranging from 0 to 
16. For the P branch, we have J′ and Kc′ ranging from 0 to 38 and 0 to 37 respectively. 
For the R branch, we have J′ and Kc′ ranging from 2 to 38 and 1 to 38 respectively. The 
values of J and Kc range from 2 to 24 and 0 to 16 respectively for the Q branch. The wide 
ranging values of J′ , Ka′  and Kc′  used in the analysis effectively cover the whole 
frequency range of 1030-1130 cm-1  for the ν12 band.   
In an earlier work in 1981 by Harper et al. (45), the rotational constants (A, B, C), 
distortion constant ∆J, and band center for the upper state v12 = 1 were obtained from the 
analysis of 375 infrared transitions with rms deviation of 0.0101 cm-1 using a full 
asymmetric rotor model. Although the accuracy of their results is limited mainly by the 
small number of transitions, lower J and Ka values used in the analysis, there is generally 
good agreement between their constants and those from the present work as given in 
Table 9.1. The band center derived from this work falls between the two values given by 
Harper et al. (45) in their two different methods of analysis. The inertial defect ∆12 (∆ = 
IC – IB – IA) of 0.326 u Å2  from the present analysis is slightly higher than that of Ref. 
(45) which is 0.320 u Å2.  
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 Table 9.1 shows that the all ground state constants taken from Ref. (50) and those 
from the present infrared combination-differences analysis are in good agreement. Except 
for constants A and ∆K, the other ground state constants from the present work are more 
accurately determined using 821 combination difference transitions which were fitted 
with a rms deviation of 0.00068 cm-1. These ground state constants represent the latest 
improved values for C2D4.  The upper state v12 =1 constants especially the band center 
and rotational constants, derived using two different sets of ground state constants show 
good agreement. The rms deviation from both sets of analysis is found to be close to the 
absolute line accuracy of  0.0004 cm-1.  The investigation on the ν12 band by Mose et al. 
(50) in 1989 from a spectrum collected with the resolution of 0.03 cm-1, gave accurate 
band constants which are closer to their respective ground state constants. This is because 
the ν12,  ν7, and ν10 bands were analyzed simultaneously taking into account all first-order 
Coriolis resonances within the tetrad ν12 , ν4 , ν7 , ν10. The rms deviation of the fit in Ref. 
49 was 0.0070 cm-1. The accuracy of their results is mainly limited by the low resolution 
of the spectrum which does not allow a complete analysis of the Q branch lines which are 
very dense. From our analysis and those of Harper et al. (45), the ν12 band is observed to 
be free from local perturbations. Therefore the rovibrational constants for ν12 can be 
accurately derived from a straightforward analysis using a set of accurate ground state 
constants.  The constants obtained from the present investigation can be used to 
reproduce the absorption lines with a rms deviation of 0.00042 cm-1. They represent the 











Table 9.1 Rovibrational constants (cm-1) for the ground state and ν12 of C2D4 
                                         (A-Reduction, Ir representation). 
 
                                  
                 Ground state             v12 = 1               Ground state                  v12 = 1 
                 from Ref. 50                                       (present work)  
                                                                                                 
A              2.441 656 (20)     2.464 179 8(20)    2.441 678(133)          2.464 189 65(77) 
B       0.734 913(9)        0.739 788 03(47)  0.734 933 4(33)         0.739 810 27(34)  
C     0.563 517(9)        0.562 788 84(26)  0.563 522 1(26)         0.562 793 68(19)  
 
∆J ×106     0.788(5)              0.833 62(32)         0.803 3(21)                 0.850 00(24)  
∆JK ×105   0.273 1(25)         0.218 77(20)         0.268 75(143)             0.214 739(148) 
∆K ×104    0.209 9(8)           0.251 13(24)         0.225(29)                    0.264 331(34) 
δJ  ×106     0.212(3)              0.235 07(19)         0.214 38(105)             0.238 231(139)  
δK ×105     0.378(11)            0.463 80(54)         0.383 5(66)                 0.468 85(40) 
                    
HK  ×109    0.89(9)               1.406(71)                    0                                     0 
        
    ν0                              1076.984 847(47)                                  1076.984 919(32)                                     
 
∆12 (u Å2)b           0.325 6(5)c                                                   0.326 01(8) 
 
Number of IR transitions        1340                       821a                              1340                  
 
rms deviation (cm-1)             0.000 57                0.000 68                        0.000 42                     
 
a)  For the ground state the number of infrared transitions is actually the  
number of combination differences used in the fit. 
b) The inertial defect ∆ = IC – IB – IA. 
c) The conversion factor is 16.857631 cm-1 u Å2. 
 
 
9.4 The ν11 Band-Introduction 
 
 In 1981, Duncan and co-workers (44) studied five bands in the infrared spectrum 
of ethylene-d4 (C2D4) including the ν11 band with a resolution of 0.02 cm-1. The ground 
state and upper state rovibrational constants were derived for the ν11, ν9, ν2+ν9, ν1+ν11, 
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 and ν5+ν11 bands. In the same year, the ν11 band was specifically observed with Doppler-
limited resolution (about 3 × 10-3 cm-1) using a diode laser spectrometer by Ohashi et al. 
(51) in the 2174 – 2227 cm-1 range. In their analysis, a Coriolis interaction, possibly of b-
type and involving ν2+ν7, was found to perturb high Ka levels of ν11. In 1988, Duncan 
and Ferguson (47) found that for CD stretching and CD2 scissoring which includes ν11, 
no significant Fermi resonance complications are apparent, spectroscopic interpretation is 
straightforward, and approximations inherent to the simple local mode model could be 
tested with good agreement with wavenumbers observed at 0.5 cm-1 resolution.   
 In the present experimental work, we report on the analysis of the ν11 band of 
C2D4 which we measured in the 2150-2250 cm-1 region with an unapodized resolution of 
0.006 cm-1. The ground state constants which were used in the non-linear fit were derived 
from 821 ground state combination differences from the ν12 band. Since including 
relatively few ground state combination difference transitions of the ν11 band did not 
improve the accuracy of the ground state constants, they were excluded in our fit. 
Compared to ref. (44, 51), the present investigation is performed at higher spectral 
resolution, and covers a wider spectral range, including many Q branch transitions in the 
analysis. Ground state and upper state (v11 = 1) rovibrational constants were derived 
more precisely than in the existing literature. 
 In the analysis of the rotational structure, ν11 and the nearby ν2+ν7 levels are 
found to be coupled by b-type Coriolis resonance. The ν2+ν7 band was however too weak 
to be observed in our experiments. A total of 772 infrared transitions of ν11 inclusive of 
about 130 perturbed transitions were fitted to give an accurate set of rotational and all 
five quartic centrifugal distortion constants for v11 = 1 and all three rotational constants 
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 for the v2 + v7 = 1 dark state with a rms uncertainty of   0.0014 cm-1. A first order b-type 
Coriolis term was determined. 
9.5 Experiment Details of ν11 
Samples of C2D4 used in these measurements was purchased from Cambridge 
Isotope Laboratories (Massachussetts). The chemical purity of the sample was better than 
98%. Pyrex glass, Viton O-rings, perfluorinated grease and stainless steel were used. The 
single pass cell with an absorption path length of 20 cm was used. 
 The Bomem DA3.002 Fourier transform spectrophotometer at the National 
University of Singapore was used to obtain the spectra. An unapodized resolution of 
0.006 cm-1 was used. The vapour pressure in the cell was measured and adjusted to about 
5 Torr and the cell was sealed for the spectral measurements. The ambient temperature 
was about 296 K. 
 A KBr beamsplitter, a globar infrared source, and a high-sensitivity liquid-
nitrogen cooled Hg-Cd-Te detector were used. In order to increase the signal-to-noise 
ratio level, three runs of 50 scans each were co-added to obtain the final sample 
spectrum. The total scanning time was about 14 hours. A spectrum of the evacuated 
absorption cell was recorded with a resolution of 0.1 cm-1 and transformed at 0.006 cm-1 
with zero-filling in order to obtain a background spectrum. This spectrum was ratioed 
with the sample spectrum to obtain a transmittance spectrum. The software for data 
acquisition includes the PCDA3INT and GRAMS/386 provided by Bomem Inc.  
 The spectrum was calibrated using the line frequencies of N2O in the region 2166 
− 2261 cm-1, given by Guelachvili and Rao (40). The N2O lines were measured in a 
separate spectrum recorded immediately before the C2D4 spectrum was recorded. 
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 Corrections of about 0.00213 to 0.00223 cm-1 were required to bring the observed 
wavenumbers into agreement with the calibrated wavenumbers. The absolute accuracy of 
the calibration is estimated to be ±0.0004 cm-1. However, the measured wavenumber 
values are estimated to be precise to ±0.0007 cm-1 because of small systematic errors in 
the experiments. 
9.6 The ν11 Band – Analysis and Results 
 Ethylene-d4 (C2D4) is an asymmetric top molecule (κ = -0.82). It has twelve 
fundamental bands. The ν11 state has B3u symmetry (47) while ν2 + ν7 has B1u symmetry. 
The band has been analyzed to be primarily A-type. Fig. 9.5 shows a survey spectrum for 
the ν11 band, in the 2160-2240 cm-1 region. The presence of a prominent strong central Q 
branch is a  characteristic of A-type bands.  
 In the initial assignment of low J values of the ν11 band, cluster patterns separated 
by 1.3 cm-1 (= B+C) were obvious. As J values get higher the clusters widen and overlap. 
Fig. 9.6 shows the details of the J′ = 5 cluster in the P branch region. In this cluster, 
asymmetry splittings are observed for Ka = 1, 2, and 3 while the rest are not split. It is 
found that as J′ values increase for each cluster, asymmetry splitting occurs for even 
higher Ka values. Fig. 9.7 shows a region of the R branch, and Fig. 9.8 shows a portion of 
a well ordered Q branch. A total of 119 Q branch transitions were fitted. 
           During the analysis, we have found that certain Ka transitions deviate from their 
unperturbed positions due to interaction of ν11 with the unobserved ν2+ν7 state (51). Fig. 
9.7 shows an example of two perturbed transitions (as indicated by a ‘cross’). The energy 



































function of the upper state J value in Figs. 9.9 and 9.10, respectively. Transitions of Ka ≥ 
11 are weak and close to the noise level, and are therefore excluded from the fit. 
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 Deviations up to 0.033 cm-1 were observed for J′ = 18, Ka = 9 transitions (Fig. 9.9). 
Larger deviations up to 0.26 cm-1 were found for the Ka = 10 transitions (Fig. 9.10). 
 Precise rovibrational ground states constants derived from ground state 
combination differences of the unperturbed ν12 band have made the preliminary 
assignments of the ν11 spectrum straightforward. In the non-linear fit each infrared 
transition was given an uncertainty of 0.0007 cm-1 which is the estimated precision of the 
measured transition. A Watson’s A-reduced Hamiltonian in the Ir representation was 
applied (20) with inclusion of a first order b-type Coriolis interaction term   described 
using the following matrix elements: 
〈ν2+ν7, J, K±1Hν11, J, K〉 = iξb(1/2)[J(J+1) − K(K±1)]1/2            [9-1] 
 Duncan et al. (43) in 1981, derived the rotational constants (A, B, C), three quartic 
distortion constants, and the band centre for the upper state v11 = 1 from the analysis of 
441 infrared transitions with a rms deviation of 0.013 cm-1. Although the precision  of 
their results is limited mainly by the small number of transitions and lower   resolution 
used in the experiments, there is good agreement between their band centre and that from 
the present work given in Table 9.2. Furthermore in 1981, in a diode laser spectroscopic 
work by Ohashi et al. (51), which used a higher resolution of 0.003 cm-1, all three 
rotational, and five quartic distortion constants and the band centre were obtained 
accurately for J′ values up to 22, and Ka′ up to 12. Their work covered the 2174 – 2227 







 ν2+ν7, the perturbation was not analysed. A comparison of the results (51) and those from 
the present work given in Table 9.2 shows good agreement as a whole. 
 The derived rovibrational constants along with their statistical errors (2σ) are 
shown in Table 9.2. The ground state constants were fixed using the latest available 
accurate values derived from ground state combination differences. Rotational and all 
five quartic centrifugal distortion constants for ν11 and also rotational constants for the 
dark ν2+ν7 state have been determined as detailed. The band centres for ν11 and ν2+ν7 
were found to be 2200.980378 ± 0.000163 and 2235.425 ± 0.038 cm-1, respectively. Figs. 
9.9 and 9.10 show that the deviations of the Ka = 9 and 10 levels have been significantly 
reduced after deperturbation. A rms deviation of 0.0014 cm-1 for the 772 infrared 
transitions of ν11 was achieved covering J′ values from 1 to 33 and Ka′ values from 0 to 
10. The inertial defect (∆ = IC – IB – IA) ∆11 (52) was found to be 0.0693 ± 0.0004 u Å2. 
The Coriolis coupling constant ξb of 0.0921 ± 0.0015 cm-1 between ν11 and ν2+ν7 was 
derived for the first time. The results of the present investigation provide the latest 





















Table 9.2 Rovibrational and Coupling Constants (in cm-1) for v11 = 1 and v2 + v7  state of 
C2D4. (A-Reduction, Ir Representation) 
   
    Ground statea             v11 = 1                        v2 + v7 = 1 
 
A   2.441 678(133)c     2.426 459 5(101)             2.459 83 (66) 
B                0.734 933 4(33)     0.733 691 7(84)               0.729 736(105) 
C    0.563 522 1(26)     0.562 048 8(16)               0.559 142(114)  
 
∆J ×106             0.803 3(21)                    0.801 6(51)                      [0.803 3]b   
∆JK ×105           0.268 75(143)                 0.434 8(96)                      [0.268 75] 
∆K ×104            0.225(29)                 0.206 51(99)                    [0.225] 
δJ  ×106             0.214 38(105)                0.225 6(26)                      [0.214 38] 
δK ×105             0.383 5(66)                 0.082 0(137)                    [0.383 5]     
 
ν0                           −             2200.980 378(163)              2235.425(38)    
                                                                 
Coupling constant      
ξb                                                                                    0.092 14(150)                                                                 
 
∆11/(u Å2)                                                  0.069 3(4)   
                                                                                                              
Number of Infrared Transitions                    772                                                     
 
Rms deviation (cm-1)                                                           0.0014 
 
a) The ground state constants were taken from gscds from ν12.  
b) The values in square brackets were fixed to the ground state values. 
c)  The values in parentheses is twice the estimated standard error, 2σ. 
 
9.7 The ν9 Band – Introduction and Experiment 
 Duncan et al. (44) measured and analyzed  the ν11, ν9, ν2+ν9, ν1+ν11,  and ν5+ν11 
bands of ethylene-d4 at a resolution of 0.02 cm-1 determining up to three quartic terms. In 
this present work, we report the results of the analysis of the ν9 fundamental band of 
C2D4  which was measured with a resolution of 0.004 cm-1. From the fitting of 549 
133  
 assigned infrared transitions, the rovibrational constants of the v9 = 1 state were further 
improved. 
 In this work, a non-linear fit of the transitions of the whole ν9 band gives  
sufficiently accurate results by using all three rotational and all five quartic centrifugal 
distortion constants.  The rms deviation of the fit is found to be 0.00087 cm-1 which is an 
order of magnitude more accurate than that of Ref.(44). During the analysis, the ν9 level 
was found to be slightly perturbed by some nearby levels, possibly ν2+ν12 (47) and ν11 
(44). Only the Ka′ = 0, 1 transitions of ν9 were identified to be perturbed and were not 
included in the fit.  Because of the lack of high-resolution spectral data on the ν2+ν12 and 
ν11 bands, a perturbation study is not possible at this stage.  
 For the experiment, the vapor pressure in the cell was measured and adjusted to 
about 5 Torr and the cell was sealed for the spectral measurements. A low-pass band filter 
(0-2920 cm-1) was used to reduce background noise level. By coadding three runs of 50 
scans each with the total scanning time of about 14 hours, the final spectrum of ν9  was 
produced. All spectra collected were unapodized and  the observed linewidth  (FWHM) 
in the spectrum of about 0.005 cm-1. The transitions of the ν9  band were calibrated using 
the absorption lines in the range 2300–2400 cm-1 of CO2, which was recorded 
simultaneously during the scanning of the spectra of C2D4.  The CO2 calibration 
frequencies were taken from Guelachvili and Rao (40). Correction factor of 1.00000073 
cm-1 was required to bring the observed wavenumbers into agreement with the calibrated 
frequencies. From the line fitting, the relative precision of the wavenumbers obtained was 
in the order of 0.0004 cm-1. Due to relatively low signal-to-noise ratio in the spectrum, 
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 and the possibility of small systematic errors, it seems reasonable to estimate the absolute 
accuracy of the measured lines to be approximately  ±0.0008 cm-1 . 
9.8 Assignment, Analysis and Discussion of ν9 
The ν9 band has B2u symmetry (47). The band is a pure B type by symmetry. As 
shown in Fig. 9.11, the survey spectrum shows the absence of a prominent strong central 
Q branch structure at about 2340 cm-1, and this is typical of a B type band.  
 A preliminary survey of the spectrum showed regular strong absorption lines in 
the P and R branch regions. Assignments of the b-type transitions were therefore first 
attempted in these regions and later extended to the Q branch. Under high resolution,  the 
separation of each line in the P and R branch regions was found to be about 4.8 cm-1 
which corresponded to about 2A. From the rotational analysis, the lines are due to 
uniquely b-type transitions which are actually unresolved doublets from states given by J′ 
= n,  Ka′ = n, Kc′ = 0 or 1. This series of strong lines was a valuable aid in ensuring the 
correct assignment in the beginning and also helped to reduce the correlation between the 
rotational constants A, B, and C.  Fig. 9.12 shows a strong unresolved transition doublet 
in the P branch with the assignments 99,0 – 1010,1 and 99,1 – 1010,0 at 2294.1643 cm-1. The 
related series of strong lines due to J′ = n +1,  Ka′ = n, Kc′ = 1 or 2; and J′ = n +2, Ka′ = n, 
Kc′ = 2 or 3; etc., toward the lower wavenumber region were also assigned. Each series of 
strong lines was found to have the same Ka′ value. Fig. 9.12 shows part of the Ka′ = 7, 8, 
and 9 series of lines in the P branch region. Part of Ka′ = 11-14 series of lines in the R 
branch region is shown in Fig. 9.13. As shown in the figures, the lines are well separated 


























 absorption line decreases as J′ increases. No asymmetry splitting was observed for the 
transitions which were analyzed in this work.  
 Initial assignment of the transitions was relatively easy by using accurate ground 
state combination differences which are calculated from the available ground state 
rotational constants (45, 50). Accurate band constants obtained from the fitting of the R 
branch and P branch lines were used to calculate purely b-type Q branch transitions and 
intensities. The Q branch transitions were found in the 2306-2322 cm-1 P branch region 
and in the 2355-2378 cm-1 R branch region. These transitions consist of a number of 
series of lines with equal spacing of about 0.02 to 0.10 cm-1.  Each series is described by 
a single value of Ka′ and begins with a weak line for J′ = Ka′, and reaches a maximum 
intensity for J′ - Ka′ = 4 to 11.  Fig. 9.14 shows part of the Ka′ = 9 series of the Q branch 
transitions in the R branch region. Each strong line is actually due to transitions of an 
unresolved doublet from states given by two possible values of Kc′. A total of 139 well-
resolved Q branch transitions were used in the final fit. There were enough strong 
isolated lines in the Q branch to ensure the reliability of the present assignments.  
 
 During the analysis, the Ka′ = 0, 1 transitions were found to be significantly 
shifted from the calculated positions. The other transitions could be accurately fit with a 
deviation close to the estimated measured uncertainty of ±0.0008 cm-1. Fig. 9.15 shows 
the deviation (observed-calculated wavenumber) of the observed line positions in P 
branch for J′   up to  26.   Deviation of     0.019    cm-1 for J′ = 26 in the P branch was 
observed. Two nearby levels, ν11 at 2201.0 cm-1(44) and ν2+ν12 at 2280 cm-1 (47) are few 











 analyzed at high resolution, a quantitative treatment  of the resonance is not possible at 
this stage. Only 30 transitions of ν9 were identified to be perturbed and were not included 
in the final fit.   
 The program for fitting asymmetric rotor spectra uses the Watson Hamiltonian 
(20) with an Ir representation in an A-reduction. Accurate ground state constants were 
taken from Mose et al. (50) and then fixed in the fitting program to fit the upper state (v9 
= 1) constants. In the least squares analysis the measurements were weighted by the 
inverse square of the estimated uncertainty. 
 The Hamiltonian through the five quartic and one sextic terms was used in the 
final fit for the v9 =1 state of C2D4. The final set of rovibrational constants for the v9 =1 
state and the ground state are given in Table 9.3. Inclusion of more sextic constants did 
not improve the accuracy of the fit and are thus excluded from the fit. A total of 549 
unperturbed b-type infrared transitions was used in the determination of the upper state 
constants. The rms deviation of the fit with all weighted lines was 0.00087 cm-1. The 
transitions include values of J′  ranging from 3 to 24, Ka  from 0 to 16, and Kc′ from 0 to 
19.  The wide ranging values of J′ , Ka′ and Kc′ used in the analysis effectively cover the 
whole frequency range of 2274-2417 cm-1 for the ν9 band.   
In the experimental work using a grating spectrometer in 1981 by Duncan et al. 
(44), the rotational constants (A,B, and C), three quartic constants (∆J, ∆J K and ∆K ) and 
band center for the upper state v9 = 1 were obtained from the analysis of 560 infrared 
transitions with rms deviation of 0.010 cm-1 using a full asymmetric rotor model. The rms 
deviation of 0.00087 cm-1 from the present fit is an order of magnitude more accurate. 
Although the accuracy of their results was limited mainly by the resolution (0.02 cm-1) of 
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 the spectrometer used in their experiments, there is generally good agreement between 
their rotational constants (A,B, and C) and those from the present work as given in Table 
9.3. The rovibrational constants of Duncan et al. (44) are also included in Table 9.3 for 
comparison. The band center ν0 = 2341.8369 ± 0.0001 cm-1 of ν9 derived from this work 
agrees quite well with the value of 2341.858 ± 0.006 cm-1. The inertial defect ∆9 of 0.066  
u Å2  from the present analysis is slightly lower than that of Ref. (44) which is 0.069 u 
Å2. The differences in the higher order constants (∆J, ∆JK and ∆K ) could be attributed to 
the fact that δJ and δK constants were not included in their analysis. The rovibrational 
constants obtained from the present investigation can be used to reproduce the absorption 
lines with a rms deviation of 0.00087 cm-1. The constants represent the latest improved 














 Table 9.3 Rovibrational constants (cm-1) for the ν9 band of C2D4 
                                   (A-Reduction, Ir representation). 
                                  
                        Ground statea           v9 = 1 (Ref.44)          v9 = 1(this work)               
                                                                                                                                         
A                         2.441656(20)           2.432654(58)           2.4330040(27)c       
B                         0.734913(9)             0.732759(33)           0.7327249(42)    
C                 0.563517(9)             0.561792(33)           0.5618997(45) 
 
∆J ×106                0.788(5)                    0.961(44)                  0.6374(183) 
∆JK ×105               0.2731(25)               0.208(16)                  0.3479(115) 
∆K ×104                0.2099(8)                 0.1902(33)                0.20133(98) 
δJ  ×106                0.212(3)                        __                          0.1974(81) 
δK ×105                0.378(11)                      __                         -0.260(83) 
                    
HK  ×109               0.89(9)                          __                           [0.89]b 
        
    ν0                                             2341.858(6)             2341.836937(133)               
 
Number of IR transitions                       560                             549  
rms deviation (cm-1)                            0.010                        0.000871 
∆9 ( u Å2 )                                           0.0694(28)               0.0656(4)   
 
a) The ground state constants were taken from Ref. (50). 
b) The values in square brackets were fixed to the ground state values. 
c) The uncertainty in the last digits (twice the estimated standard error) 










 CHAPTER 10 – ANALYSIS OF THE CORIOLIS INTERACTION  
OF THE ν12 BAND WITH 2ν10 OF cis-d2-ETHYLENE, 
AND THE ν12 BAND OF ETHYLENE-13C  
10.1 Introduction on cis-d2-ethylene 
 The structure and force field of the important molecule ethylene are now better 
understood (53, 54). This is largely because a number of high-resolution infrared studies 
of the molecule have been performed in recent years (55-57). However high-resolution 
infrared investigation on the isotopic species cis-d2-ethylene remains limited. The 
fundamental vibrational frequencies of cis-d2-ethylene were determined in 1953 (58). In 
1981 (43), ground state rotational and centrifugal distortion constants were obtained by 
microwave spectroscopy. Then in 1987-88, Hegelund and Nicolaisen (59-61) analysed 
the infrared spectra of ν4+ν7, ν7+ν8, ν1, ν11, ν9, ν5, ν3+ν6, ν2+ν12, ν7, ν6, and ν12 bands of 
cis-d2-ethylene at a resolution of 0.03 cm-1.  
 In the present experimental work, we report the analysis of the ν12 band of cis-d2-
ethylene which was measured in the 1280-1400 cm-1 region with an unapodized 
resolution of 0.0024 cm-1. Accurate rovibrational ground state constants which were used 
in the analysis were taken from Ref. (61).  
The molecule has C2v symmetry with the C2-axis coincident with the b-axis. In the 
analysis of the rotational structure, ν12 (B2 symmetry) is found to be coupled to 2ν10 (A1 
symmetry) by c-type Coriolis interaction term. A total of 771 infrared transitions of ν12 
were fitted, taken into account the interaction with 2ν10, to give a precise set of rotational, 
all five quartic centrifugal distortion and two sextic distortion constants for ν12 with a 
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 standard uncertainty of 0.00075 cm-1. An analysis of the Coriolis interaction between ν12 
and 2ν10 transitions give a c-Coriolis resonance term, as well as some spectroscopic 
constants for the v10 = 2 state. These constants represent the most precise values reported 
for the ν12 and 2ν10 bands of cis-d2-ethylene, so far.  
10.2 Experiment on cis-d2-ethylene 
The cis-d2-ethylene samples used in these measurements were purchased from 
Cambridge Isotope Laboratories (Massachussetts). The chemical purity of the sample 
was better than 98%. Chemical-resistant materials such as Pyrex glass, Viton O-rings, 
perfluorinated grease and stainless steel were used. The single pass cell with an 
absorption path length of 20 cm was used. 
 The Bomem DA3.002 Fourier transform spectrophotometer at the National 
University of Singapore was used to obtain the spectra. An unapodized resolution of 
0.0024 cm-1 was used. The vapour pressure in the cell was measured and adjusted to 
about 6 Torr and the cell was sealed for the spectral measurements. The ambient 
temperature was about 296 K. 
A globar infrared source, a KBr beamsplitter, and a high-sensitivity liquid-
nitrogen cooled Hg-Cd-Te detector were used. In order to increase the signal-to-noise 
ratio level, six runs of 50 scans each were co-added to obtain the final sample spectrum. 
The total scanning time was about 28 hours. A spectrum of the evacuated absorption cell 
was recorded with a resolution of 0.1 cm-1 and transformed at 0.0024 cm-1 with zero-
filling in order to obtain a background spectrum. This spectrum was ratioed with the 
sample spectrum to obtain a transmittance spectrum.  
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  The spectrum was calibrated using the line frequencies of H2O in the region 1335 
− 1380 cm-1, given by Guelachvili and Rao (40). Corrections of about 0.00115 to 0.00126 
cm-1 were required to bring the observed wavenumbers into agreement with the 
calibrated wavenumbers. The absolute accuracy of the calibration is estimated to be 
±0.0004 cm-1. However, the measured wavenumber values are estimated to be precise to 
±0.0007 cm-1 as a result of small systematic errors in the experiments. 
10.3 Analysis and Results of the ν12 band of cis-d2-ethylene 
 As an asymmetric top molecule, cis-d2-ethylene (cis-C2H2D2) has an asymmetry 
parameter of κ = -0.87. The molecule belongs to the point group C2v and has twelve 
fundamental modes of vibration. The ν12 state has been analyzed to be an A type band. 
Fig. 10.1 shows a survey spectrum for the ν12 band, in the 1300-1380 cm-1 region. Fig. 
10.2 shows the J′ = 6 cluster in the R branch region. In this figure, asymmetry splittings 
were observed up to Ka′ = 3. Fig. 10.3 shows a region of a well-ordered Q branch clusters 
with Ka′ values from 5 to 8. The high resolution of the infrared spectrometer in the 
present work allows the transitions of the Q branch clusters to be well-resolved. 
 In our analysis, we found that the transitions of ν12 deviate quite badly due to 
interaction with the nearby 2ν10 which is too weak to be observed. Figs. 10.4 and 10.5 
shows the deviations (obs. – calc.) in cm-1 of Ka′ = 1-, 2-, 2+, and 3- levels plotted as a 
function of the upper state J before deperturbation. In these levels, crossings were 
observed and attributed to the interaction with the 2ν10 band situated at about 1330 cm-1 
(61). Levels of Ka′ = 8, 9, 10, and 11 are also found to deviate from calculated 





























 Due to the large number of perturbed transitions, a perturbed analysis taking into 
account a c-axis Coriolis interaction between ν12 and 2ν10 becomes necessary. 
The matrix elements may be given as in (61): 
〈v10 = 2 J, K ± 1Hv12 = 1, J, K 〉 = ±ω12, 10, 10 [J(J+1) − K(K±1)]1/2              [10-1] 
In the nonlinear least-squares fit, each infrared transition was given an uncertainty of 
0.0007 cm-1. Accurate ground state constants used and fixed in the present fit, were taken 
from Ref. (61). The derived rovibrational and coupling constants along with their 
statistical errors from the present investigation are shown in Table 10.1. Results obtained 
from Ref. (61) are also presented for comparison. Rotational, all five quartic centrifugal 
distortion and two sextic distortion constants for v12 = 1 state were determined. The ν12 
band centre was found to have a value of 1341.15121 ± 0.00010 cm-1. Since we have 
included more Q branch transitions due to a higher resolution used in our work, as 
compared to that of Ref. (61), the band centre is expected to be more accurate. Good 
agreement is generally observed for the rotational constants of ν12 in the two sets,  given 
in Table 10.1. The c-type Coriolis coupling constant is found to be  0.02427 ± 0.0010 cm-
1. This value was found to be consistent with the value of 0.0282 ± 0.004 cm-1 given in 
Ref. (61). Although transitions due to 2ν10 have not been identified in Ref. (61) and 
neither in this work, however, from the crossings observed in ν12, we may derive some 
rovibrational constants for 2ν10. The band centre of 2ν10 derived in this work is 1330.594 






 Due to the limited resolution of 0.03 cm-1 in Ref. (61), the rms deviation of 
0.0077 cm-1 is achieved. In the present work, we have improved the accuracy of the 
results of the ν12 and 2ν10 by an order of magnitude. The rms deviation of the fit of 771 a-
type infrared transitions was found to be 0.00075 cm-1 taking into account the perturbing 
Coriolis constant. As shown in Figs. 10.4, and 10.5, the deviations after deperturbation 
are plotted. Small random deviations about the zero line are achieved after the 
simultaneous fit of ν12 and 2ν10 transitions including the Coriolis term. This indicates the 
effectiveness of the deperturbation analysis. The a-type transitions from J′ = 1-31, Ka′ = 
0-13, and Kc′ = 0-31, inclusive of 147 Q branch transitions for ν12 were finally assigned 
and fitted. The rovibrational constants and the c-type Coriolis constant of ν12 and of 2ν10 
of cis-d2-ethylene derived from this investigation represent the most precise values 
reported so far. 
10.4 The ν12 band of ethylene-13C2 
 The only available infrared study on 13C2H4 was on the carbon-13 frequency 
shifts for 12C2H4, 12C2D4, and as-12C2H2D2 in solid and gaseous states, by Duncan et al. 
(62) in 1973. In this work, most of the vibrational bands of 13C2H4 were identified and 
assigned with an accuracy of 0.05 cm-1. So far, high resolution FTIR measurements on 
the bands of 13C2H4 have not been reported.  
The present work is aimed at the investigation and analysis of the ν12 band of 
13C2H4, which was measured with a resolution of 0.004 cm-1. The 13C2H4 gas  samples 
used in these measurements were supplied by Cambridge Isotope Laboratories with a 
chemical purity better than 99%. The spectrum collected showed some strong absorption 
lines due to H2O impurity in the gas cell. However, interference from H2O lines  was 
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  minor since the line positions of H2O are known accurately (40) and the lines are widely 
spaced. Calibration of the absorption lines of ν12 of 13C2H4 was done using some of these 
unblended and unsaturated H2O lines in the range 1360  1540 cm-1 from Ref. (40). A 
correction factor of 1.00000092 was required to bring the observed wavenumbers into 
agreement with the calibrated frequencies. 
The 13C2H4 molecule is a simple asymmetric top planar molecule of D2h 
symmetry with asymmetry parameter κ of about −0.92. The ν12 band is infrared active 
with B3u symmetry (62), and its mode is ascribed to an in-plane 13C−H bending. It is an 
A-type band with a prominent Q branch at about 1436.65 cm-1. This band was observed 
to be free from any local frequency perturbations as expected, because we have also 
measured and analysed the ν12 band of the normal ethylene (12C2H4) which has a similar 
molecular structure, situated at about 1442.44 cm-1 (63), and found it to be free from any 
local frequency perturbations. 
The nonlinear least-squares program which was previously used for the ν12 band 
of 12C2D4 was employed to fit the assigned transitions ν12 of 13C2H4. However, since 
there are no previous measurements on the ground state constants of 13C2H4, we used the 
constants of 12C2H4 (63) as initial values for the fit. This is acceptable because the 
rovibrational structures of both molecules are expected to be very similar. In the present 
analysis to obtain the ground state constants, we added combination differences from the 
infrared measurements as they were assigned. The improved ground state constants were 
then fixed in the fitting program to fit the upper state (v12 = 1) constants. As more newly 
assigned transitions were gradually included in the fitting procedure to expand the set of 
data, the ground state constants were systematically refined and expanded to higher 
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 orders. A total of 738 ground state combination differences (GSCD) from the present 
infrared transitions of the ν12 band of 13C2H4 were eventually used in the final refinement 
to obtain the ground state constants. Because of the symmetry of 13C2H4, there are no 
available microwave data for a rotational analysis. By using combination differences to 
fit the ground state constants separately from the upper state constants, any perturbations 
(known or unknown) of the upper states will not affect the ground state constants. The 
rovibrational ground state constants consisting of three rotational and five quartic 
constants were accurately derived from this work, as presented in Table 10.2. Inclusion 
of sextic constants did not improve the accuracy of the ground state fit and are thus fixed 
at zero. The rms deviation of the combination difference fit to obtain the final set of 
ground state constants is 0.0006 cm-1. This value is comparable to the experimental 
precision of 0.0005 cm-1. 
In our rotational analysis, the ground state constants were fixed to determine the 
upper state (v12 = 1) constants of 13C2H4 up to three sextic terms (HKJ, HK, and hK). 
Inclusion of more sextic constants did not improve the accuracy of the fit. A total 1177 
infrared transitions was finally assigned and fitted in the determination of the v12 = 1 
rovibrational constants, given in Table 10.2. The ν12 band center is found to be 
1436.65411 ± 0.00005 cm-1. This value is smaller than that of 1437.9 cm-1 given by 
Duncan et al. (62), in 1973, in their study of 13C frequency shifts in ethylene.  
The inertial defect ∆12 of 0.24300(2) u Å2 of 13C2H4 derived from the present 
analysis, as given in Table 10.2, is close to that of 12C2H4 (63), which is 0.24201(2) u Å2. 
As expected, the upper state rotational constant A = 4.9250441(29) cm-1 of ν12 of 13C2H4 






 corresponds to the molecular axis, which lies on the C=C bond. Similarly, the ground 
state A = 4.86501(35) cm-1 of 13C2H4 is in good agreement with A = 4.864620(4) cm-1 of 
12C2H4 (57). The upper state rovibrational constants B and C of ν12 of 13C2H4 are lower 
than those of ν12 of 12C2H4 (63) by about 0.051 and 0.035 cm-1, respectively. 
Furthermore, the ground state constants B and C of 13C2H4 are also respectively lower 
than those of 12C2H4 (57) by the same magnitude. All five quartic and three sextic (HKJ, 
HK, and hK) upper state constants of ν12 of 13C2H4 (given in Table 10.2) are found to be 
lower in magnitude than those of ν12 of 12C2H4 (63). The signs of the constant agree. 
It can be observed from Table 10.2 that the ground state constants A and 
particularly ∆K of 13C2H4 are less well determined than the other ground state parameters. 
The reason is that only a-type transitions are available from the ν12 band in the present 
ground state combination differences (GSCD) analysis. Further studies with the addition 
of GSCDs from b- or c-type transitions would considerably improve the precision of A 
and ∆K. In the present work, the accurate ground state constants of 13C2H4 were derived 
for the first time from a fit of combination differences from the present infrared 
measurements. These spectral data would be useful for a greater understanding of the 









CHAPTER 11 – ANALYSIS OF THE CORIOLIS INTERACTIONS 
BETWEEN THE ν7, ν9, AND ν3 BANDS OF METHYLENE FLUORIDE-
d2 (CD2F2) 
11.1 The ν7, and ν9 Bands - Introduction 
Recently, numerous studies by high-resolution FTIR spectroscopy (64-69) have 
been performed on Difluoromethane (CH2F2) because of its use as a chlorofluorocarbon 
replacement in industrial applications and its potential contribution to global warming. 
CH2F2 is also an attractive model system for the study of the coupling mechanisms 
responsible for intramolecular vibrational redistribution (69), hence it is also of interest to 
study its isotopic species CD2F2.  
The infrared spectra of CH2F2 and CD2F2 were measured with the resolution of 
0.5 cm-1 by Suzuki and Shimanouchi in 1973 (70). The approximate band centers of some 
of the CD2F2 fundamentals were assigned and analyzed in their work. Later in 1975, 
Hirota and Sahara (71) studied the rotational spectra of CD2F2 using microwave 
techniques. In their work, spectroscopic constants up to the quartic centrifugal distortion 
term in the ground, ν4, 2ν4, ν5, ν7, ν2, ν8, ν3, and ν9 states were derived. Further, weak 
Coriolis interactions between ν3   and ν7,   ν3 and ν9, and ν5 and ν7 were studied using 
approximate expressions for the rotational energy levels. In 1999, Deo and Kawaguchi 
(72) improved the ground state constants of CD2F2  greatly by studying the millimeter- 
and submillimeter-wave spectrum of this molecule in the region between 200 and 415 
GHz. The spectra of CD2F2 in the 900-1200 cm-1 is complicated because six  (ν2, ν3, ν5, 
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 ν7, ν8, and ν9) of the nine normal modes have their fundamental frequencies in this 
region. Only two fundamentals are found in the region above 2000 cm-1, which are ν1 
(∼2129 cm-1) and ν6 (∼2284 cm-1). The former has been found to be perturbed seriously 
by combination bands.  
Since ν7 is close enough to ν9, these two bands are expected to be coupled by a 
Coriolis interaction. In the vibrational analysis (70) of  the ν7 and ν9 bands of CD2F2 
which were recorded at a low resolution of 0.5 cm-1, the band centers were derived using 
symmetric top approximation. In this work, the b-type Coriolis coupling constant 
between ν7 and ν9 was calculated from an analysis of ν5 and ν7 bands. It is of further 
interest therefore to experimentally investigate the interaction between the ν9 and ν7 
bands. In the present experimental work, we report the analysis of the ν7 and ν9 infrared 
active bands of CD2F2 which were measured in the 940-1030 cm-1 region with an 
unapodized resolution of 0.0024 cm-1. Precise ground states taken from ref. (72) were 
utilized in order to fit the upper states in the non-linear fit.  
In the analysis of the rotational structure, ν7 and the nearby ν9 band, situated 
about 42 cm-1 above are found to be mutually coupled by a weak b-type Coriolis 
interaction term. Finally, 1031 infrared transitions inclusive of about 130 perturbed 
transitions were fitted simultaneously to give a set of rotational, all five quartic 
centrifugal distortions for both bands with a rms uncertainty of 0.0011 cm-1. Three sextic 
constants of ν9 were also determined. A perturbed analysis of the Coriolis interaction 
between ν7 and ν9 transitions, gives a b-Coriolis resonance term. The rovibrational 
constants represent precise values for the interaction between ν7 and ν9 bands of CD2F2. 
11.2 Experimental Details 
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 Methylene fluoride-d2 (CD2F2) gas samples used in these measurements were 
purchased from Cambridge Isotope Laboratories (Massachussetts) with a chemical purity 
of the sample better than 98%. The Bomem DA3.002 Fourier transform 
spectrophotometer was used to collect the spectra. An unapodized resolution of 0.0024 
cm-1 was used. The vapour pressure in the cell was measured and adjusted to about 1.2 
Torr and the cell was sealed for the spectral measurements. The ambient temperature was 
about 296 K. Chemical-resistant materials such as Pyrex glass, Viton O-rings, 
perfluorinated grease and stainless steel were used. The single pass cell with an 
absorption path length of 20 cm was used. 
A globar infrared source, a KBr beamsplitter, and a high-sensitivity liquid-
nitrogen cooled Hg-Cd-Te detector were used. In order to obtain the signal-to-noise ratio 
level, six runs of 50 scans each were co-added to obtain the final sample spectrum with a 
total scanning time of about 28 hours. Prior to our experiments, a spectrum of the 
evacuated absorption cell was recorded with a resolution of 0.1 cm-1 and transformed at 
0.0024 cm-1 with zero-filling in order to obtain a background spectrum. This spectrum 
was ratioed with the sample spectrum to obtain a transmittance spectrum with flat 
baseline.  
 The transitions in the spectrum were calibrated using the line frequencies of NH3 
in the region 967 − 1178 cm-1, given by Guelachvili and Rao (40). Corrections of about 
0.000026 to 0.000029 cm-1 were required to bring the observed wavenumbers into 
agreement with the calibrated wavenumbers. The absolute accuracy of the calibration is 
estimated to be ±0.0004 cm-1. However, the measured wavenumber values are estimated 
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 to be precise to ±0.0008 cm-1 because of the high density of lines in the wavenumber 
region studied, and other small systematic errors in the experiments. 
11.3 Analysis of the Bands, Results, and Discussion 
The methylene fluoride-d2 (CD2F2) molecule is an asymmetric top which has an 
asymmetric parameter of κ = -0.89. The molecule belongs to the point group C2v and its 
nine fundamentals are classified as 4a1 + 2b1 + 2b2 + a2 (70). Fig. 11.1 shows a three-
dimensional representation of the structure of the C2v molecule CD2F2. The two planes of 
symmetry are labeled 1 and 2, which contain the fluorine and Deuterium atoms, 
respectively. The symmetry axis is along the intersection of planes 1 and 2 and 
corresponds to the b axis of the molecule. The a and c axes are contained within the 
















 Fig. 11. 1 A three-dimensional representation of the structure of CD2F2. 
Table 11.1 lists the symmetries and the approximate band centres for the nine 




 Table 11.1 Symmetry and vibrational modes in methylene fluoride-d2 
Symmetry Vibrational modes Approximate band centres (cm-1) 
a1   ν1   2128.9 
a1   ν2   1165.0 
a1   ν3   1026.5 
a1   ν4   521.7 
a2   ν5   907.3 
b1   ν6   2283.9 
b1   ν7   962.1 
b2   ν8   1158.3 
b2   ν9   1002.4 
The bands have been analyzed to be C-type and A-type respectively. Fig. 11.2 shows a 
survey spectrum for the ν7 and ν9 bands, with ν9 having a higher intensity as compared to 
the ν7 band. The neighboring B-type ν3 band is also shown. Only the Q branch transitions 
of ν7 are observed in our spectra due to the weak intensity of the band. The transitions of 
the P and R branches were too weak to be analysed.  
 In the analysis of the ν7 band, the only transitions assigned were the Q branch 
transitions with K′a = 0, 1-, 1+, and 2- where “+” refers to an upper asymmetry split 
component (K′a + K′c = J′) and “-” to a lower component (K′a + K′c = J′ +1). Fig. 11.3 
shows the K′a = 0, 1-, 1+, and 2- Q branch transitions for ν7. In the ν9 band, transitions 
with the same K′a separated by 0.65 cm-1 (≈ B+C) were obvious. P and R branches of this 















 Because of the C2v symmetry, each pair of vibrational states can be coupled by at 
most one of the three type of Coriolis interaction (69). Vibrations of a1 symmetry can 
couple by c-axis Coriolis coupling to b2 vibrations and can couple by a-axis Coriolis 
coupling to b1 vibrations. Vibrational states of CD2F2 in the wavenumber region 900-
1200 cm-1 have been found to interact through b-type Coriolis interactions (71). Table 
11.2 summarizes the Coriolis interactions in methylene fluoride. 
Table 11.2 Coriolis interactions in methylene fluoride 
Symmetry  a1 a1 a2 b1 b2 b2 
   ν2 ν3 ν5 ν7 ν8 ν9 
 
a1 ν2  x x b a c c 
 
a1 ν3   x b a c c 
 
a2 ν5    x c a a 
 
b1 ν7     x b b 
 
b2 ν8      x x 
 
b2 ν9       x 
 
Note: a, b, c denote the interactions through the rotations about the a-, b-, c-axes. 
  
In the transition assignment, we found that the K′  = 1 , and 2  levels for ν  
deviate to a large extent. Figs. 11.4 and 11.5 shows, respectively, the deviations 
(observed – calculated) of the K′  = 1 , and 2  levels of ν  and that of the K′  = 0, and 1  
levels of ν  plotted as a function of the upper state J. The ν  band (∼1004 cm ) is also 
coupled to the ν  band (∼1030 cm ) via a strong c-type Coriolis interaction (71), which 














 interaction, we have excluded the K′  = 10, 11, and 12 levels of ν  above J′ = 22 in order 









 and to achieve better precision for the Coriolis coupling between ν7 and ν9. In our 
analysis, we also did not take into account the perturbation of ν7 with the ‘forbidden’ (a2 
species) ν5 fundamental, situated at about 910 cm-1 (66). The ν5 and ν7 Coriolis 
interaction has been studied by Deo et al. (66) for the normal species CH2F2, in which 
more than 100 lines in the ν5 ‘forbidden’ state, induced by Coriolis interactions, have 
been identified and assigned. However, in our present investigation on CD2F2, the ν5 
state which is expected to borrow intensity primarily from the ν7 band was not observed 
in our spectra, hence we have not included an inaccurate analysis of ν7 with ν5.  
 The perturbed levels can be attributed to the first order b-axis Coriolis resonance 
between ν7 and ν9. Finally, a total of 89 c-type Q branch infrared transitions of ν7 and 
942 a-type transitions of ν9 inclusive of about 130 perturbed transitions were finally 
assigned and fitted using a Watson’s A-reduced Hamiltonian in the Ir representation (20) 
with the inclusion of a first order b-axis Coriolis resonance coupling term. The matrix 
element of this coupling term is given by: 
〈ν7, J, K±1Hν9, J, K〉 = iξb(1/2)[J(J+1) − K(K±1)]1/2     [11-1] 
Each infrared transition was given an uncertainty of 0.0008 cm-1 in the non-linear 
least squares fit. The derived spectroscopic and coupling constants along with their 
statistical errors are shown in Table 11.3. The b-type Coriolis coupling constant ξb79 is 
found to have a magnitude of 0.0050 ± 0.0007 cm-1. The band centers for ν7 and ν9 were 
found to be 961.89578 ± 0.00053 and 1003.74211 ± 0.00012 cm-1, respectively. Other 
sextic distortion constants which could not be determined accurately in our fit were fixed 
at their respective ground state values. In our fit for the upper states, the ground state  
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Table 11.3 Molecular and coupling constants (in cm-1) for v7 = 1 and v9 = 1 states of      
CD2F2. (A-Reduction, Ir Representation) 
 
 
  Ground Statea v9 = 1 v7 = 1 
A  1.158976762(12) 1.1543061(67) 1.14051(61) 
B  0.341619158(5) 0.3422266(15) 0.340038(34) 
C  0.294596222(5) 0.28993179(110) 0.2976390(99) 
     
∆J x 106 0.3187208(53) 0.07074(114) 0.922(110) 
∆JK x 105 -0.1031778(23) 0.5013(35) 0.349(133) 
∆K x 104 0.07847175(53) 0.01676(96) -7.485(91) 
δJ x 106 0.06679734(103) 0.21621(77) 0.305(55) 
δK x 105 0.0544954(47) 0.1442(35) 0.65(28) 
     
ΦJ x 1012 0.3897(18)  [0.3897]b [0.3897] 
ΦJK x 1012 2.185(40) [2.185] [2.185] 
ΦKJ x 109 -0.054064(140) -5.58(27) [-0.054064] 
ΦK x 109 0.18868(16) -4.95(56) [0.18868] 
φJ x 1012 0.18106(53) [0.18106] [0.18106] 
φJK x 1012 0.414(43) [0.414] [0.414] 
φK x 109 0.05160(87) -62.74(82) [0.05160] 
     
Band Center             - 1003.742105(123) 961.89578(53) 
Number of infrared transitions 1031 
Coupling constant ξb 0.00501(73) 
Rms dev. 0.0011 
 
a) The ground state constants were taken from ref. (72).  









 constants were fixed using the latest available values derived from microwave transitions 
(72). 
 
 In this work, we covered the spectral range of 960-1023 cm-1. The c-type 
transitions from J′ = 4-43 and K′a = 0, 1, and 2 for ν7 and J′ = 2-31 and K′a = 0-14 for ν9 
were finally assigned and fitted. A rms deviation of 0.0011 cm-1 for 1031 transitions was 
achieved. Figs. 11.4 and 11.5 shows the deviations (observed – calculated) of the 
perturbed levels after deperturbation for ν7 and ν9 bands respectively. Before the 
deperturbation analysis, the deviation (O – C) was found to be as high as 0.19 cm-1, as in 
the case of K′a = 1+, and 2- levels of ν7. With the addition of a b-type Coriolis coupling 
constant, the deviation is very much reduced, close to ± 0.0008 cm-1 which is of the same 
magnitude as the precision of the measured transition line. Furthermore, the relatively 
high standard deviation (0.0011 cm-1) of the fit as compared to the spectral resolution of 
0.0024 cm-1 indicates the presence of further unaccounted resonances in the ν9, ν7 dyad. 
 Suzuki and Shimanouchi (70) analysed the ν7 and ν9 bands of CD2F2 using a 
grating spectrometer at a resolution 0.5 cm-1. Limited by the low resolution, most of the 
rotational lines were not well resolved. However, although they had derived the band 
centers using a symmetric top approximation technique, no rovibrational band constants 
were derived. In their study of the Coriolis interaction between ν5 and ν7, the Coriolis 
coupling constant between ν7 and ν9 was calculated to be ξb79= 0.17.  
 In the present experimental investigation,  we have analysed the Coriolis 
interaction by including the b-type Coriolis resonance term in the fit using the Watson’s 
Hamiltonian. In this approach, we have identified the localised perturbed transitions 
173  
 representative of the actual interaction between these two bands. The value of ξb79is 
found to be 0.005 cm-1, which is significantly different from that given in Ref. (70). This 
is expected because of the different analytic techniques used in obtaining the Coriolis 
constant. 
 The rotational constants (A, B, C) for ν7 and for ν9 from the present investigation 
agree very well with those of Ref. (71) which were obtained from a microwave spectrum. 
Furthermore, the band centers of ν7 and ν9 have been improved and they are also in good 
agreement with those of Ref. (70). From this work, the rovibrational constants up to all 
five quartic centrifugal distortion terms for ν7 and up to three sextic terms for ν9 have 
been obtained accurately. All these constants including the b-type Coriolis interaction 
constant were sufficiently accurate in calculating the transition frequencies of ν7 and ν9 
which agree with the observed values with the rms deviation of 0.0011 cm-1. 
11.4 The Coriolis Interaction between the ν9, and ν3 Bands 
 In the analysis of the rotational structure, ν3 and the nearby ν9 band are found to 
be mutually coupled by a strong first order c-type Coriolis interaction term. A total of 
1639 infrared transitions inclusive of about 460 perturbed transitions were fitted 
simultaneously to give a precise set of rotational, all five quartic centrifugal distortion 
and three sextic distortion constants with a standard uncertainty of 0.00084 cm-1. An 
analysis of the Coriolis interaction between ν3 and ν9 transitions gives a first order c-
Coriolis resonance term. These constants represent the most precise values reported for 
the ν3 and ν9 bands of CD2F2, so far. The experimental details is referred to section 11.2. 
The ν3 state has a1 symmetry and the ν9 state has b2 symmetry (71). The bands 
have been analyzed to be B-type and A-type respectively. Fig. 11.2 shows a survey 
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 spectrum for the ν3 and ν9 bands, in the 980-1060 cm-1 region with ν9 having a higher 
intensity as compared to the ν3 band.   
 Successive Q branches with the spacing of approximately 1.7 cm-1 or 2(A – B) in 
the R branch region were found in the analysis of the ν3 band. The Q branches were not 
so obvious in the P branch region due to their weak intensity and severe overlapping with 
the ν9 transitions. Fig. 11.6 shows the Ka′ = 7 Q branch transitions in the R branch region 
of the ν3 band. In the ν9 band, transitions with the same Ka′ separated by 0.65 cm-1 (≈ 
B+C) were obvious. Fig. 11.7 shows the detail of the J′ = 9 cluster. Some P branch 
transitions of the ν3 band are also shown. 
 In our analysis, we found that the transitions for both bands deviate quite badly 
due to their mutual interaction. Figs. 11.8 and 11.9 shows, respectively, the deviations 
(observed – calculated) of the Ka′ = 12-15 levels of ν3 and that of the Ka′ = 8-11 levels of 
ν9 plotted as a function of the upper state J. The ν9 band (∼1004 cm-1) is also coupled to 
the ν7 band (∼962 cm-1) via a b-type Coriolis interaction (71), which affects particularly 
the Ka′ = 7 levels of ν9. As a result, the Ka′ = 7 levels of ν9 above J′ = 13 have been 
excluded in our fit in order to achieve better precision for the coupling between ν3 and ν9.  
 The perturbed levels can be attributed to the first order c-axis Coriolis resonance 
between ν3 and ν9. Finally, a total of 631 infrared transitions of ν3 and 1008 transitions of 
ν9 inclusive of about 460 perturbed transitions were finally assigned and fitted using a 































order c-axis Coriolis resonance coupling term. The matrix element of this coupling term 
is given by: 
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 〈ν3, J, K±1Hν9, J, K〉 = ±ξc(1/2)[J(J+1) − K(K±1)]1/2     [11-2] 
In the nonlinear least-squares fit, each infrared transition was given an uncertainty of 
0.0008 cm-1. The derived rovibrational and coupling constants along with their statistical 
errors are shown in Table 11.4. Rotational, all five quartic centrifugal distortion and three 
sextic distortion constants for both bands were determined. The c-type Coriolis coupling 
constant is found to be 0.3307 ± 0.0012 cm-1. The band centers for ν3 and ν9 were found 
to be 1030.15733 ± 0.00028 and 1003.74347 ± 0.00010 cm-1, respectively. Other sextic 
distortion constants which could not be determined accurately in our fit were  fixed at 
their respective ground state values. In our fit for the upper states, the ground state 
constants were fixed using the latest available values derived from microwave transitions 
(72). 
 In our present work, we analyzed 631 b-type transitions of ν3 and 1008 a-type 
transitions of ν9 covering the whole spectral range of 982-1074 cm-1. The b-type 
transitions from J′ = 2-25 and Ka′ = 2-16 for ν3 and J′ = 2-33 and Ka′ = 0-14 for ν9 were 
finally assigned and fitted. A rms deviation of 0.00084 cm-1 for 1639 transitions was 
achieved. Figs. 11.8 and 11.9 shows the deviations (observed – calculated) of the 
perturbed levels after deperturbation. Before the deperturbation analysis, the deviation (O 
– C) was found to be as high as 0.18 cm-1, as in the case of Ka′ = 15. With the addition of 






Table 11.4 Molecular and coupling constants (in cm-1) for v3 = 1 and v9 = 1 states of      
CD2F2. (A-Reduction, Ir Representation) 
 
 
  Ground Statea v9 = 1 v3 = 1 
A  1.158976762(12) 1.1544353(56) 1.1752223(91) 
B  0.341619158(5) 0.3420910(16) 0.341464(28) 
C  0.294596222(5) 0.294028(31) 0.293822(46) 
     
∆J x 106 0.3187208(53) 0.28166(133) 0.4752(44) 
∆JK x 106 -1.031778(23) -2.003(41) -2.321(64) 
∆K x 106 7.847175(53) 9.028(83) 14.67(12) 
δJ x 106 0.06679734(103) 0.08806(101) 0.202(22) 
δK x 106 0.544954(47) 3.612(42) 8.27(29) 
     
ΦJ x 1012 0.3897(18)  [0.3897]b [0.3897] 
ΦJK x 1012 2.185(40) [2.185] [2.185] 
ΦKJ x 109 -0.054064(140) 1.15(32) 0.83(59) 
ΦK x 109 0.18868(16) -1.12(37) 2.06(51) 
φJ x 1012 0.18106(53) [0.18106] [0.18106] 
φJK x 1012 0.414(43) [0.414] [0.414] 
φK x 109 0.05160(87) 5.56(59) -12.3(2.3) 
     
Band Center             - 1003.743471(103) 1030.15733(28) 
Number of infrared transitions 1639 
Coupling constant ξc 0.33074(123) 
Rms dev. 0.00084 
 
a) The ground state constants were taken from ref. (72).  








 cm-1. In Fig. 11.9, some negative deviations after deperturbation of the Ka′ = 8, and 9 
levels of ν9 are observed, can be attributed to possible coupling between ν9 and ν7.  
 In the microwave spectral analysis of Hirota and Sahara (71), weak Coriolis 
interaction between ν3 and ν9 bands were studied using approximate expressions for the 
rotational energy levels. The Coriolis coupling constant ξc was found to be 0.55 ± 0.06 
cm-1 using an effective two-dimensional Hamiltonian with the Coriolis term in the off 
diagonal block. Since their analysis is different from our present investigation, the 
Coriolis constant (ξc = 0.3307 ± 0.0012 cm-1) is expected to be different. The 
rovibrational constants and the c-type Coriolis constant of ν3 and ν9 of CD2F2 derived 
from this analysis represent the most precise values reported so far. 
11.5 Observations on the ν8, and ν2 Bands of CD2F2 
 
 The c-type Coriolis interaction in CD2F2 is the most important for the ν2 (1170.3 
cm-1) and ν8 (1158.3 cm-1) modes of CD2F2 (71). The rotational spectra in these two 
states (71) were found not to be fitted to their rigid-rotor pattern with centrifugal 
distortion corrections. In ref. (71), the observed microwave spectra were analyzed in 
terms of energy levels obtained by direct diagonalization of the energy matrices of the 
coupled levels, which yielded the rotational constants (A, B, C) of ν2 and ν8, as well as 
the coupling parameter. 
 We have collected the ν8 and ν2 spectra under high resolution (0.004 cm-1), as 
shown in Fig. 11.10. The ν2 b-type transitions were also found, inter-mingled among the 
ν8 transitions, although they are of lower intensities as compared to the a-type transitions 









 centrifugal distortion terms of quartic and sextic corrections. Fig. 11.11 shows a part of 
the crowded and disordered Q branch region of ν8. Using the standard Watson’s 
Hamiltonian with centrifugal distortion corrections, we have calculated the inter J 
spacing for the Ka = 0, 1-, 1+, and 2- levels of ν8 to be about 0.69 cm-1, however in Fig. 
11.12 which shows a part of the P branch region of ν8, the inter J spacing is about 1.09 
cm-1 for these Ka levels. These high discrepancies in the cluster separation can also be 
found in the ν2 band structure. In Fig. 11.13, which shows a region of the R branch region 
of the ν2 band, the inter J spacing was found to be 0.52 cm-1 for the Ka = 11 levels, while 
a value of 0.62 cm-1 was derived from the theoretical value. Only the inter Ka spacing 
which is about 2.25 cm-1 was found to be in good agreement with the theoretical value of 
2.24 cm-1.These discrepancies is the result of the strong Coriolis interactions between 
these two bands, and in our experimental work, we were not successful in accurately 
fitting the spectra using the semi-rigid rotor model, on which the Watson’s Hamiltonian 
is based. In the normal species CH2F2, the ν2 level at 1508 cm-1 and ν8 at 1434 cm-1 were 
further apart. The available data on the ν2 and ν8 levels were therefore simultaneously 
fitted by setting up the energy matrices with the Coriolis interaction energy introduced as 
off-diagonal terms (67). 
The Watson-type Hamiltonian is not applied for some asymmetric top molecules. 
This was discussed by Urban and Yamada (73). The normal perturbation approach 
assumes that the vibrational spacing is much larger than the rotational spacing. These 
assumptions are violated in excited vibrational states because of accidental resonances of 
interacting vibrational levels. The breakdown that was discovered in molecules with a 
H2XYZ-type structure in ref. (73) can be understood as a nonnegligible centrifugal 
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rotational levels of the vibrational ground state. They demonstrated the effects of the 
centrifugal distortion coupling contributions for some rotational constants, which 
explains qualitatively the anomalous values of some centrifugal distortion parameters 
derived from the conventional effective rotational Hamiltonian. The problem of resonant 
centrifugal distortion coupling among the vibrational states requires the use of an 

















CHAPTER 12 – HIGH RESOLUTION FTIR SPECTROSCOPY 
OF THE ν6 FUNDAMENTAL OF METHYLENE FLUORIDE-d2 
12.1 Introduction and Experimental Details 
 In the present experimental work, we report the analysis of the ν6 band of CD2F2 
which was measured in the 2220-2340 cm-1 region with an unapodized resolution of 
0.006 cm-1. The ground state constants which were used in the non-linear fit were taken 
from ref. (72). They represent the most accurate ground state constants to date.  
 In the analysis of the rotational structure, ν6 was found to be relatively free from 
significant perturbations except for some higher Ka′ levels. Perturbations are likely to 
involve combination bands via Coriolis interactions. These lines totalling about 120 were 
excluded in our fit in order to derive more precise decoupled v6 = 1 upper state constants. 
A total of 1111 unperturbed infrared transitions of ν6 were fitted to give a precise set of 
rotational and four quartic centrifugal distortion constants for v6 = 1 with root mean 
square uncertainty of  0.0008 cm-1. 
An unapodized resolution of 0.006 cm-1 was used to collect the ν6 spectrum of 
CD2F2. The vapour pressure in the cell was measured and adjusted to about 1.2 Torr and 
the cell was sealed for the spectral measurements. The ambient temperature was about 
296 K. Three runs of 50 scans each were co-added to obtain the final sample spectrum. A 
spectrum of the evacuated absorption cell was recorded with a resolution of 0.1 cm-1 and 
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 transformed at 0.006 cm-1 with zero-filling in order to obtain a background spectrum. 
This spectrum was ratioed with the sample spectrum to obtain a transmittance spectrum.  
 The spectrum was calibrated using the line frequencies of CO2 in the region 2320 
− 2360 cm-1, given by Guelachvili and Rao (40). The CO2 lines were measured with the 
CD2F2 spectrum. Corrections of about 0.00202 to 0.00209 cm-1 were required to bring the 
observed wavenumbers into agreement with the calibrated wavenumbers. The absolute 
accuracy of the calibration is estimated to be ±0.0004 cm-1. However, the measured 
wavenumber values are estimated to be precise to ±0.0007 cm-1 because of small 
systematic errors in the experiments. 
12.2 Analysis and Results 
The ν6 state has b1 symmetry (71). The band has been analyzed to be C type. Fig. 
12.1 shows a survey spectrum for the ν6 band, in the 2230-2330 cm-1 region. The 
presence of a prominent strong central Q branch and comparatively weak P and R 
branches is a  characteristic of C type bands.  
 In the analysis of the ν6 band, transitions with the same Ka′ separated by 0.63 cm-1 
(≈ B+C) were obvious, as shown in Fig. 12.2 (for Ka′ = 8, and 10). In the prolate 
symmetric top limit, both B and C type bands would correspond to the perpendicular 
band although they have some differences in appearance (70). Also, P and R branches of 
both type bands have successive Q branches with  spacing of approximately 1.6 cm-1 or 
2(A – B) just as in perpendicular band. As shown in Fig. 12.1, the strong individual lines 
in the R branch are due to these successive Q branches each blended with many 
transitions of a certain Ka′ value. However, in the P branch, these transitions are more 
spaced out.  
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            During the analysis, we found that certain Ka′ transitions (Ka′ = 11, 12, 17, and 18) 
















calculated) in transitions of the Ka′  = 11, 12, 17, and 18 levels of ν6 calculated from the 
P and R branches are plotted as a function of the upper state J value in Fig. 12.3. Minor 
193  
 perturbations affecting the Ka′ = 10, 13, and 16 levels are also observed at high J values. 
Deviations up to 0.006 cm-1 were found. The most probable perturbers are 2ν2  (∼2340 
cm-1), 2ν8 (∼2316 cm-1), and ν2+ν8 (∼2328 cm-1) states through the potential a- and b-
type Coriolis resonances. These bands are too weak to be observed in our experiments. In 
this analysis, we have identified and excluded about 120 perturbed transitions in order to 
derive precise v6 = 1 state constants for the unperturbed transitions.  
 By using accurate rovibrational ground state constants taken from ref. (72), the 
preliminary assignments of the ν6 spectrum were straightforward. In the non-linear fit 
each infrared transition was given an uncertainty of 0.0006 cm-1 which is about the 
estimated precision of the measured transition. Watson’s A- as well as S-reduced 
Hamiltonians in the Ir representation were applied (20). Watson’s A- and S-reduced 
Hamiltonians were used for the derivation of ground state constants in ref. (72). 
The derived rovibrational constants along with their statistical uncertainties are 
shown in Tables 12.1 and 12.2 from the fit using the A- and S-reductions respectively. 
Rotational and four quartic centrifugal distortion constants for ν6 have been determined. 
The fifth quartic constant δK (d2) as well as all the sextic constants have been fixed to the 
ground state values since fitting them did not improve the rms deviation of the fit. The 
band centre for ν6 was found to be 2283.739959 ± 0.000073 cm-1 for both reductions. It is 
observed that the sign for δJ and d1 is different although the magnitude for each is the 








the respective ground state values. A rms deviation of 0.0008 cm-1 for the 1111 infrared 
transitions of ν6 was achieved covering J′ values from 2 to 31, Ka′ values from 0 to 21, 
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 and Kc′ values from 0 to 23. The results of the present investigation provide for the first 
time the molecular constants for the v6 = 1 state of CD2F2.  
 
Table 12.1 Molecular constants (in cm-1) for v6 = 1 state of CD2F2. 
(A-Reduction, Ir Representation) 
   
         Ground statea                                       v6 = 1                         
 
A                1.158 976 762(12)        1.155 078 65(94)   
B                  0.341 619 158(5)            0.341 821 94(179) 
C      0.294 596 222(5)                                 0.294 567 2(21) 
 
∆J ×106               0.318 720 8(53)        0.312 30(76)   
∆JK ×106            -1.031 778(23)        -0.905 6(24)  
∆K ×105              0.784 717 5(53)        0.760 25(24) 
δJ  ×107               0.667 973 4(103)        0.721(20) 
δK ×106               0.544 954(47)        [0.544 954]b 
 
ΦJ ×1012             0.389 7(18)          [0.389 7] 
ΦJK ×1011           0.218 5(40)                     [0.218 5] 
ΦKJ ×1010          -0.540 64(140)         [-0.540 64] 
ΦK ×109              0.188 68(16)          [0.188 68] 
φJ ×1012              0.181 06(53)                                        [0.181 06] 
φJK ×1012            0.414(43)                                              [0.414] 
φK ×1010             0.516 0(87)                                           [0.516 0] 
 
ν0                             −                                         2283.739 959(73) 
                                                                 
Number of Infrared Transitions                                          1111                            
 
Rms deviation (cm-1)                                                        0.000 8 
 
a) The ground state constants were taken from ref. (72).  
b) The values in square brackets were fixed to the ground state values. 
 
 
Table 12.2 Molecular constants (in cm-1) for v6 = 1 state of CD2F2.  
(S-Reduction, Ir Representation) 
   
       Ground statea                                       v6 = 1                         
 
A                1.158 976 808(12)        1.155 078 70(94)   
196 
 B                  0.341 618 054(5)            0.341 820 85(179) 
C      0.294 597 300(5)                                 0.294 568 3(21) 
 
DJ ×106               0.311 111 2(50)        0.304 62(76)   
DJK ×106            -0.986 062(22)         -0.859 4(24)  
DK ×105              0.780 909 9(53)        0.756 40(24) 
d1  ×107              -0.667 961 8(107)       -0.721(21) 
d2 ×108               -0.380 617(37)        [-0.380 617] 
 
HJ ×1012             0.333 1(17)                     [0.333 1] 
HJK ×1012           0.320 2(87)           [0.320 2] 
HKJ ×1010          -0.468 16(83)         [-0.468 16] 
HK ×109              0.183 310(137)          [0.183 310] 
h1 ×1012              0.176 96(47)                                        [0.176 96] 
h2 ×1013              0.287 9(30)                                          [0.287 9] 
h3 ×1014              0.385 3(60)                                          [0.385 3] 
 
ν0                             −                                         2283.739 959(73) 
                                                                 
Number of Infrared Transitions                                          1111                            
 
Rms deviation (cm-1)                                                        0.000 8 
 
a) The ground state constants were taken from ref. (72).  









CHAPTER 13 – CONCLUSION 
13.1 Conclusion 
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  The high resolution FTIR technique proved once again to be a powerful technique 
to record infrared bands. In this study, we have measured infrared bands of various 
asymmetric top molecules, covering a spectral range of 900-2700 cm-1. Fitting of the line 
positions up to high J and K quantum numbers is facilitated using Watson’s reduced 
rotational Hamiltonian for asymmetric top rotors up to sextic order, hence proving the 
validity of this extensively used Hamiltonian. To accurately fit perturbed transitions due 
to band coupling, vibrational off-diagonal matrix elements are also included. 
 Spectroscopic constants for the ν5, ν6, and 2ν9 bands of HCOOD, the ν2, and ν3 
bands of DCOOH, the ν4, and ν1 bands of DCOOD, as well as the ν6 fundamental of 
H13COOH have been derived for the first time, along with coupling parameters. 
Parameters of the ν3 band of HCOOD are improved. The band constants of the ν12, ν11, 
and ν9 bands of the extensively studied ethylene-d4 (C2D4), and the ν12 bands of both cis-
ethylene-d2 and ethylene-13C have been systematically  refined and derived for the first 
time respectively by using the high-resolution  FTIR technique.  Finally, the high 
resolution spectra of the densely packed transitions of methylene fluoride-d2 (CD2F2), 
i.e., the ν6, ν9, ν3, and ν7 fundamentals are recorded for the first time and analysed to 











  Reactive short-lived molecules such as the dihalogenoethynes (FCCF and FCCCl) 
and the halogenophosphines (PH2F, PH2Cl, PH2Br, PH2I) fascinate chemists (74). It is a 
challenge for spectroscopists to generate, detect, and characterize such species which 
may play an important role as intermediates in chemical processes. Some of these 
reactive molecules are in fact found in molecular clouds in interstellar space or the 
atmospheres of other planets. Many reactive species are poorly characterized, whereas 
others are still unknown. Spectroscopic techniques are best suited to detect short-lived 
small molecules in the gas phase. Even though these molecules are short-lived and rather 
unstable chemically, they are usually still semirigid molecules and the bands that are 
observed and analysed usually lie in the region of the fundamental bands, i.e., below 
4000 cm-1 and hence the standard perturbational approach is still applied. 
 This proposal focus on vibrational and rotational studies in the gas phase of 
reactive rather than truly short-lived species with τ1/2 << 1 s at room temperature. That is 
they live longer (seconds to hours) and have strong bonds i.e., C-Halogen, P-H, P-
Halogen that persist at room temperature. Low pressure and low temperature increase 
their lifetime and make them observable by slow techniques such as FTIR spectroscopy. 
Compounds that can be reversibly condensed and evaporated may be synthesized by any 
method, although their reactivity in condensed phase may well favour gas phase 
syntheses, i.e., synthesis of A in the gas phase may proceed according to  
X + Y + Z + ……   A (e.g. Br2 + F2       2BrF)      
X + Y + Z + ……   A + B + ……        
Such reactions may be performed within the absorption cell and require stoichiometric 
mixing in order to avoid an excess of one of the reactants. The second reaction is more 
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 common and used for the halogenophosphines PH2X (X = F, Cl, Br, I). Such syntheses 
may be also performed in a plasma, in a discharge, and by irradiation, which allows the 
reaction temperature to be lowered. The high reactivity of many of the species requires 
modifications to cells, crystal windows and valves. Stainless steel, monel and 
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APPENDIX A 
Matrix Elements of Fermi Resonance (Ref. 41 ): 
Note: F(J, K±) = (1/2)[J(J+1) − K(K±1)]1/2 
 
1. 〈ν2, J, KHν1, J, K〉 = W1 
204  
 2. 〈ν2, J, KHν1, J, K〉 = W2 J(J + 1) 
3. 〈ν2, J, KHν1, J, K〉 = W3 K2 
4. 〈ν2, J, K ± 2Hν1, J, K〉 = W4 F(J, K±) F(J, K ± 1)±) 
     
Matrix Elements of Coriolis Interaction (Ref. 42) 
a-type Coriolis: 
1. 〈ν2, J, KHν1, J, K〉 = iW1 K 
2. 〈ν2, J, KHν1, J, K〉 = iW2 J(J + 1)K 
3. 〈ν2, J, KHν1, J, K〉 = iW3 K3 
4. 〈ν2, J, K ± 2Hν1, J, K〉 = ± 2iW4 F(J, K±) F(J, K ± 1)±) 
5. 〈ν2, J, K ± 2Hν1, J, K〉 = 2iW5 (K ± 1)F(J, K±) F(J, K ± 1)±) 
 
b-type Coriolis: 
1. 〈ν2, J, K ± 1Hν1, J, K〉 = iW1 F(J, K±) 
2. 〈ν2, J, K ± 1Hν1, J, K〉 = iW2 J(J + 1)F(J, K±) 
3. 〈ν2, J, K ± 1Hν1, J, K〉 = iW3 K2 F(J, K±) 
4. 〈ν2, J, K ± 1Hν1, J, K〉 =± iW4 (2K ± 1)F(J, K±) 
5. 〈ν2, J, K ± 3Hν1, J, K〉 = iW5 F(J, K±) F(J, K ± 1)±) F(J, K ± 2)±) 
 
c-type Coriolis: 
1. 〈ν2, J, K ± 1Hν1, J, K〉 = ±W1 F(J, K±) 
2. 〈ν2, J, K ± 1Hν1, J, K〉 = ±W2 J(J + 1)F(J, K±) 
3. 〈ν2, J, K ± 1Hν1, J, K〉 = ±W3 K2 F(J, K±) 
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 4. 〈ν2, J, K ± 1Hν1, J, K〉 =W4 (2K ± 1)F(J, K±) 
5. 〈ν2, J, K ± 3Hν1, J, K〉 = ±W5 F(J, K±) F(J, K ± 1)±) F(J, K ± 2)±) 
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